One sentence summary: The widespread presence of horizontal gene transfer (HGT) in prokaryotic genomes has been confounding straightforward interpretation of Darwinian rules of evolution for prokaryotes; here the authors show that exploiting the phylogenetic signatures of a subset of relevant proteins will allow investigators to harmonize the distribution of prokaryotic taxa in a way that does not contradict 16S ribosomal RNA trees while remaining unaffected by HGT. Editor: Antoine Danchin
INTRODUCTION AND BACKGROUND INFORMATION
The seminal work of Charles Darwin, providing key insights into how the evolutionary process works to generate different forms of life (1859), has provided a cornerstone for understanding evolutionary relationships among different organisms. Although, very limited information was available for the prokaryotic organisms when 'The Origin of Species' was published, or during Darwin's lifetime, he was cognizant of the fact that his new theory of evolution should apply to all forms of life including the monad(s) (Darwin 1887; O'Malley 2009) . Nevertheless, Darwin's work primarily dealt with the macroscopic life forms covering Gupta the most recent <1.0 billion years (Ga), whereas prokaryotic organisms, which evolved >3.0 Ga ago, cover much of the earlier evolutionary history of life (Schopf 1978; Schopf and Packer 1987; Kasting 1993) . Thus, an understanding of the evolutionary relationships among prokaryotic organisms is of central importance for deciphering the origin and diversification of different forms of life on earth (Gupta 1998a) .
Reliable groupings of the microorganisms in different groups and the nature of their relationship to each other form the foundation of all microbiological research. Beginning in the 18th century and continuing through to the first half of 20th century, many attempts were made to arrange or classify prokaryotic organisms in different groups based on resemblances in their morphological, biochemical and physiological characteristics (Cohn 1875; Migula 1897; Orla-Jensen 1909; Buchanan 1925; Kluyver and van Niel 1936; Chatton 1937; Stanier 1941; Stanier and van Niel 1962; Buchanan and Gibbons 1974; Murray 1986a) . However, most of the characteristics on which these earlier classifications were based are plastic in nature and could arise independently in different organisms. Therefore, these early attempts were unsuccessful in establishing a reliable classification of the microorganisms that could provide unambiguous information regarding their genealogies (van Niel 1946; Stanier and van Niel 1962; Stanier, Douroroff and Adelberg 1963) . Thus, it was not possible to determine whether Darwin's theory of evolution could be extended to prokaryotes. Further information concerning the earlier theories of microbial classification and their attendant problems can be found in a number of excellent reviews (Woese 1992; Sapp 2006; Oren 2010a) .
Important advances in the determination of DNA and protein structures in the 1950s and 1960s and the use of molecular sequences for deducing evolutionary relationships laid the foundation of the field of molecular evolution (Crick 1958; Zuckerkandl and Pauling 1965; Eck and Dayhoff 1966; Fitch and Margoliash 1967) . Determination of evolutionary relationships among organisms was now not limited to morphological or physiological characteristics, but based on the comparison of large numbers of homologous characters present in different genes and protein sequences. A major advancement was brought about by the pioneering work of Carl Woese and coworkers, who began using the sequence characteristics of the small subunit ribosomal RNA (i.e. SSU rRNA or 16S rRNA) to determine the evolutionary relationships among different organisms (Woese and Fox 1977; Fox et al. 1980) . It became possible, for the first time, to decipher, in a systematic manner, the evolutionary relationships among different life forms (Woese and Fox 1977; Fox et al. 1980) . The work from Woese's group led to a realization of the enormous diversity that exists within prokaryotes and, importantly, led to the division of prokaryotes into two domains, the Bacteria and the Archaea (Woese and Fox 1977; Woese 1987; Woese, Kandler and Wheelis 1990) . Within these two domains, several distinct clades were also identified that were later recognized as different phyla of Bacteria and Archaea (Staley and Krieg 1984; Woese et al. 1985; Murray 1986a,b; Woese 1991; Olsen and Woese 1993) . Due to the universal presence of the SSU rRNA (16S or 18S rRNA) and the presence of both highly conserved and variable regions within the molecule, the SSU rRNA possesses significant phylogenetic utility and a large amount of 16S sequence data has accumulated in ensuing years, providing detailed information regarding evolutionary relationships among different organisms (Whitman, Coleman and Wiebe 1998; Maidak et al. 2001; Hugenholtz 2002; Yarza et al. 2008; Yilmaz et al. 2014) . Thus, as noted by Woese (1996) , 'Darwin's dream, a phylogenetic map covering all life, was finally (becoming) a reality'. However, Woese also expressed concern that this framework was based only on a single molecule: 'Nevertheless, the fact that the whole microbial phylogenetic superstructure rests solely on this single molecular species is disquieting' (Woese 1991) .
In the past 25-30 years, phylogenetic trees based on SSU rRNA have become the de facto tree of life and the primary basis for classification of the prokaryotic organisms (Brenner, Staley and Krieg 2005; Ludwig and Klenk 2005; Yarza et al. 2008; Ludwig 2010; Kampfer 2012 ). Bergey's Manual of Systematic Bacteriology (previously Bergey's Manual of Determinative Bacteriology), which is the primary reference book for the classification of prokaryotic organisms, beginning with its second edition published in 2001 has adopted a 16S rRNA sequence-based phylogenetic framework for the classification of all reference prokaryotic organisms (Garrity 2001) . Based on their branching in the 16S rRNA trees, distinct clades of prokaryotic organisms have been identified at multiple phylogenetic levels and they have been assigned successive formal taxonomic ranks ranging from Domain (highest) to Phylum,-Class, Order, Family, Genus, Species and Subspecies (lowest) levels (Brenner, Staley and Krieg 2005) . According to LPSN Web Resource (2014) , which lists all cultured prokaryotic organisms, whose names have standing in nomenclature, the prokaryotic organisms at the highest levels are currently comprised of 2 domains, >35 phyla, >150 orders, harboring a large number of families, genera, species and subspecies. These developments have led to growing acceptance among microbiologists that the 'problem of a meaningful classification of the prokaryotes has largely been solved. (Although) there still are many open problems, but the core taxonomy based to a large extent on the 16S rRNA gene sequences is now quite stable' (Oren and Garrity 2014) .
Despite the enormous advancements in our understanding of the evolutionary relationships among prokaryotic organisms based on 16S rRNA (gene) sequences, a number of important issues central to understanding microbial phylogeny and systematics remain poorly understood (Gupta 1998a; Gupta and Griffiths 2002) . These include the following. (i) Absence of a precise definition for 'species', which is the fundamental unit of biological diversity on which all biological classifications are based (Colewell 1970; Wayne et al. 1987; Rossello-Mora and Amann 2001; Stackebrandt et al. 2002; Oren 2004; Konstantinidis and Tiedje 2005; Staley 2006; Garrity and Oren 2012) . (ii) Most prokaryotic taxa are identified solely on the basis of their branching in the 16S rRNA trees, which are dynamic constructs affected by large numbers of variables (discussed later) (Woese 1991; Ludwig and Klenk 2005) . Thus, more reliable means are needed for the precise demarcation of different prokaryotic taxa (Wayne et al. 1987; Klenk and Goker 2010; Garrity and Oren 2012; Gribaldo and Brochier-Armanet 2012; Rossello-Mora and Amann 2015) . (iii) Lack of knowledge of any specific biochemical, molecular or physiological property that is distinctive characteristic of most prokaryotic taxa and which can serve to distinguish them from all other groups (Zhi et al. 2012; Gao and Gupta 2012a; Whitman 2015) . The phylogenetic trees also provide no indication how biological characteristics specific for different prokaryotic taxa could be discovered. (iv) The branching order and interrelationships among higher prokaryotic taxa, which are central to understanding the origin of life and its diversification, are also not resolved at present (Olsen, Woese and Overbeek 1994; Gupta 1998a; Gupta and Griffiths 2002; Ludwig and Klenk 2005; Yarza et al. 2008) . (v) Lastly, the overall impact of horizontal gene transfers (HGTs) on microbial evolution and classification remains to be determined (Gogarten, Doolittle and Lawrence 2002; Beiko, Harlow and Ragan 2005; Doolittle and Bapteste 2007; Koonin 2009; Raoult and Koonin 2012) .
Thus, our current understanding of the evolutionary relationships among prokaryotes, and their classification, needs to be supplemented to make it more robust and precise, so that it is capable of guiding future microbiological research and leading to a deeper understanding of the biological characteristics of different groups of prokaryotes (Gupta 1998a; Gupta and Griffiths 2002; Gao and Gupta 2012a) . As Woese (1998) has noted, 'A (good) biological classification is in effect an overarching evolutionary theory that guides our thinking and experimentation,. . . ..'. Thus, there was high hope that genome sequences, which contain all available genetic information within the organisms, would provide the necessary resources to fill the important gaps in our understanding of the evolutionary relationships among the microbes based on the SSU rRNA.
IMPACT OF THE GENOMIC ERA ON MICROBIAL PHYLOGENY/SYSTEMATICS
Since the first genome was sequenced in 1995 (Fleischmann et al. 1995) , rapid advances in DNA sequencing technology and a great reduction in the cost/time for sequencing projects have led to tremendous increase in the number of sequenced genomes. Currently, the NCBI and other public databases contain information for >40 000 microbial genomes that are either fully or partially sequenced (EZGenome 2015; NCBI 2015; JGI Genome Portal 2016) . Genome sequences provide a wealth of information for testing/assessing evolutionary hypotheses based on multiple independent approaches and data sources (Danchin 2003; Coenye et al. 2005; Boussau and Daubin 2010; Klenk and Goker 2010; Zhi et al. 2012; Gao and Gupta 2012a; Chun and Rainey 2014) . The information gleaned from different forms of analyses offer much promise for reliable evolutionary reconstructions.
One of the earliest recognized impacts of genome sequences is on the development of improved criteria for the identification of new species. As noted earlier, there is no formal (or precise) definition of a 'microbial species' or for any other higher taxa (Rossello-Mora and Amann 2001; Staley 2006; Oren 2010b) . In general, a 'species' represents the smallest cluster of organisms that is clearly distinct from each other. A more comprehensive definition of species is recently provided by RosselloMora and Amann (2015) . According to these authors, a species is 'a category that circumscribes monophyletic and genomically and phenotypically coherent populations of individuals that can be clearly discriminated from other such entities by means of standardized procedures'. The gold standard for identification of new species since 1987 is based on DNA-DNA hybridization (DDH) experiments, and the DDH similarity values <70% are considered as indicative of distinct species (Wayne et al. 1987) . Later, it was shown that a DDH similarity value of 70% corresponds to ≈98.65% similarity in the 16S rRNA sequences, and this measure is now widely used for species demarcation (Stackebrandt and Goebel 1994; Stackebrandt and Eber 2006) . However, both these methods for species identification suffer from a number of drawbacks (Ramasamy et al. 2014; RosselloMora and Amann 2015; Whitman 2015) . The DDH technique is cumbersome, it is affected by genome size, and the results from reciprocal hybridizations are not identical; in contrast, sequence similarity based on 16S rRNA is often unable to distinguish among closely related species (Whitman 2015) . Based on genome sequences, a number of new methods for determining the overall genome relatedness have been proposed (reviewed by Chun and Rainey 2014; Rossello-Mora and Amann 2015) . These approaches include determination of average nucleotide identity (ANI) in shared genes (Konstantinidis and Tiedje 2005; Richter and Rossello-Mora 2009; Varghese et al. 2015) , average amino acid identity (AAI) in shared proteins (Konstantinidis and Tiedje 2005; Varghese et al. 2015) , percent of conserved proteins in the genome sequences (Qin et al. 2014) , maximum unique exact match index between two genomes (Deloger, El Karoui and Petit 2009 ) and genome BLAST distance phylogeny (Henz et al. 2005) , for inferring relatedness between and among species. Of these methods, the ANI determination has gained the widest acceptance as a useful tool for identification of new prokaryotic species (Deloger, El Karoui and Petit 2009) . The ANI value of 95%-96% is found to be equivalent to 70% DDH or 98.65% 16S rRNA sequence similarity, and these values can be alternatively used as the thresholds for new prokaryotic species identification (Konstantinidis and Tiedje 2005; Goris et al. 2007; Richter and Rossello-Mora 2009; Arahal 2014; Kim et al. 2014) . In a recent comprehensive study, Varghese et al. (2015) have employed a combination of genome-wide ANI and the alignment fraction values between genomes for distinguishing among species. This study proposes an ANI value of 96.5 and alignment fraction of 0.6 as more precise means for species threshold (Varghese et al. 2015) .
Identification of new species, at present, requires that besides meeting the requisite threshold for either the DDH, 16S rRNA similarity or the ANI value, information should also be obtained for a large number of chemotaxonomic characteristics (Tindall et al. 2010; Oren 2010b; Jones 2012; Kampfer 2015; Sutcliffe 2015) . However, the usefulness of chemotaxonomic tests for species identification has been questioned on the ground that these tests are time consuming, expensive and unreliable, especially when they are performed on single strains (Sutcliffe, Trujillo and Goodfellow 2012; Sutcliffe et al. 2013; Oren and Garrity 2014; Rossello-Mora and Amann 2015; Sutcliffe 2015; Whitman 2015) . Thus, it is likely that description of new species in the coming years will rely more on genome sequences and novel characteristics identified based on them rather than on chemotaxonomic characteristics. Some of the suggestions/recommendations that have been made in this regard are as follows (Sutcliffe, Trujillo and Goodfellow 2012; Zhi et al. 2012; Sutcliffe et al. 2013; Oren and Garrity 2014; Ramasamy et al. 2014; Rossello-Mora and Amann 2015; Sutcliffe 2015; Whitman 2015) . (i) The use of DDH technique for species identification should be discontinued and it should be replaced with measures of overall genome relatedness, such as the ANI or AAI. (ii) Description of any new species in future should be accompanied by at least a draft genome sequence. (iii) Taxon description should be based on stable high-value characteristics identified based on genome sequences, rather than chemotaxonomic tests which are of limited value. (iv) The procedure for description of novel prokaryotic taxa should be simplified and it could involve an online publication template, linked to online databases, enabling iterative comparison of the prokaryotic taxa (Sutcliffe 2015) .
Genome sequences will also lead to improved criteria for the demarcation of higher prokaryotic taxa (genus level and above), which are currently recognized almost entirely on the basis of their distinct branching in the 16S rRNA trees (Woese et al. 1985; Ludwig and Klenk 2005; Oren 2010b; Oren and Garrity 2014) . In a recent study, which retrospectively examined the 16S rRNA sequence similarity values for 8602 published bacterial and archaeal taxa of various ranks, the authors have proposed that the 16S rRNA similarity values between 94.5% and 86.6% can be used for differentiating genera, values between 86.5% and 82.1% for demarcation of families, values between 82.0% and 78.6% show good correspondence with orders, and the values lower than 78.5% and 75.0% as boundaries for separation of classes and phyla, respectively ). However, it should be emphasized that although the proposed thresholds for identification of new species or higher taxonomic ranks provide guidance concerning the genetic distances separating taxonomic groups of different ranks, these thresholds are arbitrary and they do not have any specific biological significance (Goris et al. 2007; Yarza et al. 2014; Varghese et al. 2015) . Whitman (2015) has also noted that although the proposed thresholds are useful for classification purpose, they are not sufficient and other factors such as physiology, ecology and genome sequences-derived characteristics should be utilized in the development of a biological relevant classification. The use of genome-derived information or characteristic for developing a reliable classification, which should lead to a better understanding of the distinctive biological properties of the prokaryotic taxa, is also advocated by other scientists (Klenk and Goker 2010; Gribaldo and Brochier-Armanet 2012; Zhi et al. 2012; Gao and Gupta 2012a; Sutcliffe et al. 2013; Sutcliffe 2015; Whitman 2015; Gupta 2016a) .
Challenges posed by genome sequences concerning the applicability of the Darwinian theory of evolution to prokaryotes
The availability of genome sequences allows determination of phylogenetic relationships among organisms by a number of different means (reviewed in Klenk and Goker 2010) , of which the approaches involving construction of phylogenetic trees are most popular (Brown et al. 2001; Felsenstein 2004; Ludwig and Klenk 2005; Snel, Huynen and Dutilh 2005; Beiko, Harlow and Ragan 2005; Puigbo, Wolf and Koonin 2009; Ludwig 2010) . It has been shown that phylogenetic trees incorporating genetic information derived from large numbers of genes/proteins have significantly higher resolving power than trees based on any single gene or protein (Brown et al. 2001; Rokas et al. 2003; Dutilh et al. 2004; Snel, Huynen and Dutilh 2005; Ciccarelli et al. 2006; Wu et al. 2009; Lang, Darling and Eisen 2013; Segata et al. 2013) . Additionally, the conserved and ubiquitously present genes/proteins that are most often used in genome-based phylogenetic trees, known as the core genome or paleome, are more resilient to the effect of HGT events than the irregularly distributed genes which make up the accessory genome or cenome (Ge, Wang and Kim 2005; Danchin, Fang and Noria 2007; Fang, Rocha and Danchin 2008) . One methodology for the utilization of genome sequence data in the production of phylogenetic trees are consensus phylogenetic trees, also known as phylogenetic 'supertrees'. Phylogenetic supertrees are a single phylogenetic representation of the dominant branching patterns in multiple phylogenetic trees constructed for different individual genes/proteins in a genome which allows the central branching pattern in the numerous phylogenetic reconstructions to be readily visualized (Beiko, Harlow and Ragan 2005; Puigbo, Wolf and Koonin 2009; Lang, Darling and Eisen 2013) . Another, more common, methodology for the utilization of genome sequence data in the production of phylogenetic trees is the use of concatenated sequence alignments for either a limited number of genes/proteins or large datasets of protein sequences derived from multiple conserved proteins or based on sequence alignments of all of the core proteins found in a given group of organisms to produce a single phylogenetic tree (Brown et al. 2001; Dutilh et al. 2004; Snel, Huynen and Dutilh 2005; Ciccarelli et al. 2006; Wu et al. 2009; Jolley et al. 2012; Lang, Darling and Eisen 2013; Segata et al. 2013; Naushad et al. 2015; Gupta et al. 2015b) . The construction of phylogenetic supertrees and phylogenetic trees based on concatenated sequences is highly influenced by the composition and size of the core genome of the examined organisms. In closely related organisms, where the core genome may consist of thousands of genes (Rasko et al. 2008; den Bakker et al. 2010; Valot et al. 2015) , phylogenetic supertrees and phylogenetic trees based on concatenated sequences are particularly useful. However, the core genome for distantly related organisms is limited in size and consists of many genes which are functionnally interlinked (Ciccarelli et al. 2006; Dagan and Martin 2006; Lapierre and Gogarten 2009; O'Malley and Koonin 2011; Hug et al. 2016) .
Analysis of sequenced bacterial genomes suggests that domain Bacteria contains an open pangenome, i.e. the universe of genes that theoretically could be found in the domain Bacteria is infinite (Lapierre and Gogarten 2009; Vernikos et al. 2015) . However, detailed comparative genomic analyses have identified only ∼250 gene families, including the 54 ribosomal proteins, which are present in nearly all sequenced members of the domain Bacteria, representing only 8% of the genes in an average bacterial genome (Mushegian and Koonin 1996; Lapierre and Gogarten 2009; Jolley et al. 2012; Grazziotin, Vidal and Venancio 2015) . Additionally, these core genes are primarily restricted to the broad functional categories of translation, replication and energy homeostasis (Lapierre and Gogarten 2009; Grazziotin, Vidal and Venancio 2015) . Thus, phylogenetic supertrees and phylogenetic trees based on concatenated sequences for extremely diverse groups of organisms are only able to include limited numbers of genes. Recently, a phylogenetic tree containing 3083 genomes encompassing all known groups within the tree of life, including over 1000 uncultivated and little known organisms, was constructed based on a subset of these universal gene families consisting of 16 ribosomal proteins (Hug et al. 2016) . This tree provides novel insight regarding the extent of genetic and evolutionary diversity within the domain Bacteria (Hug et al. 2016) . However, the use of only 16 ribosomal proteins within this tree of life makes it an archetypal 'tree of 1%' (Dagan and Martin 2006; O'Malley and Koonin 2011) . Most other approaches for determination of evolutionary relationships based on genome sequences are based on gene content analyses Santos and Ochman 2004; Lerat et al. 2005; Narra, Cordes and Ochman 2008) , where the genomes from different species are compared with regard to shared gene contents as well as the presence and absence of specific genes including 'signature genes or proteins' (Kainth and Gupta 2005; Gao, Parmanathan and Gupta 2006; Dutilh et al. 2008; Gupta and Mathews 2010) . The conservation of gene order and novel gene rearrangements has also been successfully used for phylogenetic inferences (Kunisawa 2003 (Kunisawa , 2007 Snir 2016) .
The character compatibility approach provides another novel method for examining the evolutionary relationships based on molecular sequence data (Felsenstein 2004; Gupta and Sneath 2007) . This approach aims to find the largest cliques of compatible characters in a dataset after removing all homoplasic and fast evolving characters (Estabrook, Johnson and McMorris 1976; Meacham and Estabrook 1985; Sneath 2001; Felsenstein 2004) . The compatibility approach requires datasets with a binary character states and in the past it has been mainly used with morphological characteristics (Sneath and Sokal 1973; Estabrook, Johnson and McMorris 1976; Meacham and Estabrook 1985; Felsenstein 2004) . However, by limiting analyses to only those positions in the protein sequence alignments where two characters states are found, this approach now can also be gainfully used to examine the evolutionary relationships among a given group of organisms (Gupta and Lorenzini 2007; Gupta and Mok 2007; Gupta and Sneath 2007; Bhandari and Gupta 2014a; Gupta et al. 2015b ). In addition, genome sequences are also enabling identification of large numbers of rare genetic changes such as conserved inserts or deletions in gene/protein sequences, which are distinctive characteristics of different monophyletic clades of organisms (Rivera and Lake 1992; Baldauf and Palmer 1993; Gupta 1998a Gupta , 2014a Gupta , 2015 Rokas and Holland 2000; Gupta and Griffiths 2002; Springer et al. 2004; Naushad, Lee and Gupta 2014) . The importance of these synapomorphic characteristics for determination of evolutionary relationships is discussed in detail in later sections. In another approach, BLAST searches are carried out on different genes/proteins within a genome to identify top BLAST hits and this information is used to determine the closest relatives of a given species (Nelson et al. 1999; Koski and Golding 2001; Zhaxybayeva et al. 2009 ).
The results of these and other related analyses have revealed that prokaryotic genomes are highly dynamic, and that their evolution is shaped by several genetic factors including gene duplications, gene gains and losses, HGTs and chromosomal rearrangements (Ochman 1999; Bentley and Parkhill 2004; Daubin and Ochman 2004; Coenye et al. 2005; Gogarten and Townsend 2005; Lerat et al. 2005; Snel, Huynen and Dutilh 2005; Marri, Hao and Golding 2006; Narra, Cordes and Ochman 2008; Klenk and Goker 2010; Koonin and Wolf 2012) . Importantly, a sizeable fraction of genes/proteins (often one-third or more of the total genome) in different prokaryotic genomes are unique showing no similarity to other gene/protein in the databases (Danchin 2003; Siew and Fischer 2003; Daubin and Ochman 2004; Tettelin et al. 2005; Treangen and Rocha 2011) . The mechanism by which these novel genes originate is unclear at present and increased insights into the processes leading to the appearance of these genes should be very helpful in understanding genome evolution.
The different genome sequence-based approaches for determining evolutionary relationships all generally support the existence of most of the identified prokaryotic taxa (genus level and above) (Ludwig and Klenk 2005; Beiko, Chan and Ragan 2005; Ciccarelli et al. 2006; Puigbo, Wolf and Koonin 2009; Wu et al. 2009; Ludwig 2010; Oren 2010b; Lang, Darling and Eisen 2013) . However, the branching of members within different prokaryotic taxa are often not the same in trees based on different genes/proteins sequences (Beiko, Chan and Ragan 2005; Koonin, Puigbo and Wolf 2011; Lang, Darling and Eisen 2013) . These differences in the branching patterns are generally believed to be caused by HGTs of specific gene(s) from one species (or group of species) to another. Cases of HGTs have now been identified at the largest evolutionary distances, including between different bacterial phyla, from bacteria to archaea, bacteria to eukaryotes, archaea to eukaryotes and vice versa (Gogarten 2003; Gogarten and Townsend 2005; Boto 2010; Syvanen 2012; Nelson-Sathi et al. 2015) . Although HGT is a well-recognized phenomenon within the prokaryotes, until large numbers of genome sequences became available, it was only considered to play a major role in the interspecies transfer of antibiotic resistance and virulence genes (Dowson et al. 1989; Mazel and Davies 1999; Ochman and Moran 2001; Binnewies et al. 2006; Andam and Gogarten 2011) . However, the observed incongruities in the branching patterns of species in phylogenetic trees based on different gene/protein sequences have brought the issue of HGTs to the forefront of microbial evolution and it is now a hotly debated topic Doolittle 2000; Gogarten, Doolittle and Lawrence 2002; Beiko, Harlow and Ragan 2005; Doolittle and Bapteste 2007; Koonin 2009; Forterre 2012; Raoult and Koonin 2012) .
The incidences of HGTs in genome sequences are inferred based on three main approaches (Ragan 2001a; Kurland, Canback and Berg 2003; Gogarten and Townsend 2005; Beiko and Ragan 2008; Boto 2010; Syvanen 2012) . (i) The sequence composition-based approach scans genomes for regions of atypical base composition or different codon usage pattern in comparison to the other genes (Ragan 2001b; Boto 2010) . (ii) The sequence similarity approach involves carrying out BLAST searches on different genes/proteins to find closest BLAST hits or relatives (Nelson et al. 1999; Nesbo et al. 2006; Nelson-Sathi et al. 2015) . (iii) Lastly, the phylogenetic tree construction approach (referred to above), which is the most widely used method for inferring incidences of HGTs, looks for evidence of discordance among single gene trees based on different genes from the same genome (Gogarten, Doolittle and Lawrence 2002; Beiko, Harlow and Ragan 2005; Puigbo, Wolf and Koonin 2009; Leigh et al. 2011) .
Extensive work on studying the incidences of HGTs in the past 15-20 years has established that this process plays an important role in microbial genome evolution and no gene seems exempt from it (Olendzenski and Gogarten 1999; Koonin, Makarova and Aravind 2001; Gogarten, Doolittle and Lawrence 2002; Boucher et al. 2003; Philippe and Douady 2003; Koonin and Wolf 2008; Bapteste et al. 2009; Boto 2010; Syvanen 2012) . Genes involved in related processes and pathways, particularly those related to controlling functions (namely cenomes) are generally clustered in different genomes (Harms et al. 1995; Xiong, Inoue and Bauer 1998; Pal and Hurst 2004; Danchin, Fang and Noria 2007) , which facilitates their transfer to other organisms via HGT (Raymond et al. 2002; Gao and Gupta 2007; Zeng et al. 2014) . However, there is wide disagreement concerning the prevalence of HGTs in prokaryotes and the overall impact of HGTs on the evolutionary relationships among the prokaryotes. On one hand, several studies suggest that the predominant pattern of inheritance for most genes is via vertical transmission and only 5%-20% genes in bacterial genomes have been acquired by processes such as HGTs Nelson et al. 1999; Kurland, Canback and Berg 2003; Beiko, Harlow and Ragan 2005; Galtier and Daubin 2008; Puigbo, Wolf and Koonin 2010; Koonin, Puigbo and Wolf 2011; Forterre 2012) . On the other hand, a popular view is that the HGTs among prokaryotic organisms are extremely pervasive (>80% prevalence) and that it should be considered the main driver of prokaryotic evolution, with some researchers suggesting that the vertical signals emanating from the parents that are needed to reliably determine hierarchal evolutionary relationships among organisms have been either largely or completely obfuscated (Doolittle 2000; Gogarten, Doolittle and Lawrence 2002; Bapteste et al. 2005; Gogarten and Townsend 2005; Dagan and Martin 2006; Doolittle and Bapteste 2007; Dagan, Artzy-Randrup and Martin 2008; Bapteste et al. 2009; Swithers et al. 2009; Zhaxybayeva et al. 2009; Martin 2011; Georgiades and Raoult 2012; Merhej and Raoult 2012) . The latter view has led to questioning whether the Darwinian model of evolution as stated by Darwin (1859) , or modern conceptualizations of it such as those developed during 'The Modern Synthesis' (Fisher 1930; Haldane 1932; Dobzhansky 1937; Huxley 1942; Mayr 1944) , is applicable to the prokaryotic organisms (Doolittle and Bapteste 2007; Koonin and Wolf 2009; Merhej and Raoult 2012; Raoult and Koonin 2012) . Several have taken the position that a tree-like branching pattern, which is the hallmark of Darwinian evolution, is no longer valid for prokaryotic organisms and that it should be replaced by alternative models, such as a network or rhizome, to explain the extensive gene flow occurring among different organisms (Doolittle 2000 (Doolittle , 2005 (Doolittle , 2009 Doolittle and Bapteste 2007; Bapteste et al. 2009; Zhaxybayeva and Doolittle 2011; Merhej and Raoult 2012; Raoult and Koonin 2012) . However, among those who support the view that there is extensive gene flow among the prokaryotes, there is still much debate regarding the best models and heuristic devices to use to represent the evolutionary history of prokaryotes (Mindell 2013; Morrison 2014; Doolittle and Brunet 2016) .
In a special issue of the journal Frontiers in Microbiology, titled 'Microbial genomics challenges Darwin' published in 2012, only 2 of the 14 articles included in the issue supported a Darwinian mode of evolution as the primary model for the evolutionary history of the prokaryotes Forterre 2012) . The remainder of the articles in this issue either questioned the Darwinian mode of evolution or advocated supplanting the use of phylogenies depicting treelike branching patterns with phylogenies depicting web, network or rhizome-like relationships (Georgiades and Raoult 2012; Koonin and Wolf 2012; Raoult and Koonin 2012) . If the views espoused by these authors are correct (Doolittle 2009; Penny 2011; Forterre 2012; Raoult and Koonin 2012) , then the entire discipline of microbial systematics and evolution, whose foundation rests on the grouping of organisms in successive clades of different ranks reflecting their genealogical relationships, will be called into question. Thus, unless the challenges posed by the observed phylogenetic incongruities and HGTs on microbial evolution/classification are rationally resolved, the field of microbial systematics and evolution could once again face a bleak prospect as expressed by Stanier and van Niel (1962) .
Any good biologist finds it intellectually distressing to devote his life to the study of a group that cannot be readily and satisfactorily defined in biological terms.
However, unlike the situation that existed in the first six or seven decades of the 20th century, the current views are based on analyses of genome sequences, which contain all of the information that is useful for understanding evolutionary relationships (Doolittle and Akam 1998; Danchin 2002 Danchin , 2003 Snel, Huynen and Dutilh 2005; Boussau and Daubin 2010) . If we are unable to reliably understand the evolutionary relationships based on this information, there will be little hope of understanding these relationships in the future. Since the recent work also challenges the applicability of Darwin's theory of evolution to prokaryotes, which, for the past 150 years, has provided the bedrock for understanding all biology (Penny 2011; Forterre 2012) , it is useful to examine Darwin's theory to see if it can satisfactorily deal with the challenges posed by genome sequence data.
DARWIN'S VIEWS ON THE CLASSIFICATION AND EVOLUTIONARY RELATIONSHIPS AMONG SPECIES AND THEIR RELEVANCE IN GENOMIC ERA
In his book, 'The Origin of Species', Darwin devotes a large part of the chapter XIII and a significant portion of the final chapter (chapter XIV, Recapitulation and Conclusion) in describing the basic rules and/or criteria to be employed for classification of species (Darwin 1859) . He goes to great length in describing what kinds of characters/markers are suitable for evolutionary or classification purposes and at the same time emphasizing why certain other types of characters (or markers) are unsuitable for such studies and should be rejected. Although Darwin had no knowledge of genes or different mechanisms that underlay the observed genetic variability, and the genetic basis of evolution was only consolidated with his evolutionary theory in the first half of 20th century (Fisher 1930; Haldane 1932; Dobzhansky 1937; Huxley 1942; Mayr 1944) , the criteria that Darwin described for understanding evolutionary relationships and classification are highly relevant in the genomic era, but they are not widely known. To begin with, Darwin clearly states what a natural or meaningful classification should be.
I believe that the arrangement of the groups within each class, in due subordination and relation to the other groups, must be strictly genealogical in order to be natural; but that the amount of difference in the several branches or groups,.., may differ greatly, being due to the different degrees of modification which they have undergone; and this is expressed by the forms being ranked under different genera, families, sections, or orders. (Darwin 1859: 340) the natural system is founded on descent with modification; that the characters which naturalists consider as showing true affinity between any two or more species, are those which have been inherited from a common parent. (Darwin 1859: 340) The first of these statements describes the essential attributes of a natural or meaningful classification, whereas in the second statement Darwin indicates that for developing a natural classification, shared derived characters (or synapomorphic characteristics), which have been inherited from a common parent, are most useful. Darwin then goes on to make important distinction between different types of characteristics/markers that might be used for classification purpose.
We can understand, on these views, the very important distinction between real affinities and analogical or adaptive resemblances. . . . .we can clearly understand why analogical or adaptive character, although of the utmost importance to the welfare of the being, are almost valueless to the systematist. For animals, belonging to two most distinct lines of descent, may readily become adapted to similar conditions, and thus assume a close external resemblance; but such resemblances will not reveal-rather tend to conceal their blood-relationship to their proper lines of descent. . . . It might have been thought (and was in ancient time thought) that those parts of the structure which determined the habits of life, and the general place of being in the economy of nature, would be of very high importance in classification. Nothing can be more false. . . . . . . .It may even be given as a general rule, that the less any part of the organisation is concerned with special habits, the more important it becomes for classification. (Darwin 1859: 335) As noted above, Darwin had no knowledge of the genes or genetic basis of inheritance. However, in considering molecular or genome sequence data, the terms analogical and adaptive resemblances are equivalent to convergent evolution and resemblance due to characteristics acquired from external environment (namely HGTs). Darwin asserts that analogical or adaptive traits, which can be readily acquired by unrelated groups of species, are of limited use for systematic studies. He stresses that the characters which are related to the habits or ability of species to grow in a given environment (e.g. antibiotic resistance, pathogenicity, photosynthesis, methanogenesis or other characteristics enabling survival under other specific environmental conditions) are unreliable characteristics for the purpose of classification. Darwin then clarifies as to when certain charac-teristics are present in two unrelated groups of organisms, and how they should be interpreted for classification purpose.
We can also understand the apparent paradox, that the very same characters are analogical when one class or order is compared with another, but give true affinities when the members of the same class or order are compared one with another: thus the shape of the body and fin-like limbs are only analogical when whales are compared with fishes, being adaptations in both classes for swimming through the water; but the shape of the body and fin-like limbs serve as characters exhibiting true affinity between the several members of the whale family;' . . . 'The resemblance, in the shape of the body and in the fin-like anterior limbs, between the dugong, which is a pachydermatous animal, and the whale, and between both these mammals and fishes, is analogical. (p. 346) in comparing one group with a distinct group, we summarily reject analogical or adaptive characters, and yet use these same characters within the limit of the same group. (Darwin 1859: 350-351) In the context of molecular (prokaryotic) phylogeny and systematics, if a genetic characteristic is commonly shared by two phylogenetically distinct groups of species, then the characteristic is (or may be) useful for classification of each of these two groups when they are independently considered, but it is not useful when the relationship between the two groups is considered. This statement and the underlying principle are of central importance as to how the incidences of HGTs should be interpreted for their overall effect on the natural classification of microorganisms. Importantly, Darwin also stresses that no single character can accurately reflect classification of all organisms. a classification founded on any single character, however important that may be, has always failed; for no part of the organisation is universally constant. (Darwin 1859: 338) In the light of these general principles laid out by Darwin for the development of a natural classification system, we can now consider the main criticisms based on genome sequence data against his evolutionary theory. The first major criticism of Darwin's theory is that in prokaryotes, no two genes produce exactly the same phylogenies, indicating that different genes have different evolutionary histories, which does not support the concept of a single tree of life (Dagan and Martin 2006; Bapteste et al. 2009; Koonin 2009; Puigbo, Wolf and Koonin 2009; Beiko 2011) . However, as noted by Syvanen (2012) , the widespread use of tree construction tools has somehow led to the erroneous expectation that the trees based on different genes/protein sequences should be all comparable. It is overlooked that different genes/proteins on which these trees are based differ greatly from each other in terms of sequence conservation, information content, composition biases, noise in the data, site-specific and lineage-specific differences in evolutionary rates, long-branch attraction, etc. (Rocha and Danchin 2002; Ludwig and Klenk 2005; Beiko, Harlow and Ragan 2005; Jeffroy et al. 2006; Gribaldo and Brochier 2009; Puigbo, Wolf and Koonin 2009; Boussau and Daubin 2010; Klenk and Goker 2010; Kumar et al. 2012; Syvanen 2012) . For fast evolving genes/proteins, mutational saturation is also an important problem, leading to artefactual association of unrelated taxa (Felsenstein 1988 (Felsenstein , 2004 Jeffroy et al. 2006) . Different tree building algorithms generally cannot take into consideration the effects of most of these confounding factors and they will generate a tree based on any sequence alignment, even if it contains unrelated sequences (Felsenstein 1988; Baldauf 2003; Philippe et al. 2005; Syvanen 2012 ). Thus, the phylogenetic inferences based on any given dataset are only as good as the sequence alignments and in many cases, they are unreliable and not very useful (McCormack and Clewley 2002; Syvanen 2012) . Additionally, the widely used tree building methods such as MP or ML, due to the computational limits for large dataset (NP-hard nature), are not able to explore all possible trees and they produce only an approximate tree consistent with the dataset (Syvanen 2012) . Considering all of these factors, the incongruities in phylogenetic trees based on different gene/protein sequences, especially those involving large numbers of diverse taxa, should be a norm rather than exceptions and they should not at all be surprising. These problems are also recognized and underscored in the following quotes from Carl Woese and Erco Stackebrandt.
All methods of phylogenetic tree inference are imperfect. . . They perform particularly badly when dealing with lineages that evolve at different rates and with sequence alignments wherein the different positions change compositionally at vastly different rates. Unfortunately, these are real-world conditions. (Woese 1992) Different branching patterns emerge when different algorithms are applied to the same database. . . . . But even with the same treeing program, dissimilar topographies can be constructed when the database consists of homologous, but only selected parts of a molecule. . . . It is therefore not surprising that no global tree exists in the literature and that no single approach has been demonstrated to be powerful enough to generate a branching pattern that convincingly reflects the evolutionary course of billion years of bacterial history. (Stackebrandt 1992) In view of the aforementioned limitations of the phylogenetic tree construction approaches, the best one can hope for from different gene trees is that they should be able to discern most of the major prokaryotic clades. Indeed, in a number of comprehensive studies, where phylogenetic trees were constructed based on thousands of individual proteins, despite significant topological differences among the trees, a central trend, where most of the major groups of prokaryotes were observable, was clearly observed (Beiko, Harlow and Ragan 2005; Koonin, Puigbo and Wolf 2011) . The main inferences from these studies are that the pattern of inheritance (for most genes) is largely vertical that a central trend representing vertical inheritance is discernible throughout the evolution of Archaea and bacteria, with notable exception among closely related taxa and among distantly related organisms living in similar environments (Beiko, Harlow and Ragan 2005; Puigbo, Wolf and Koonin 2009 ). These studies also noted that the stochastic differences seen among single gene trees are likely due to the different evolutionary events acting on the individual genes such as recombination, duplication and subfunctionalization, leading to differing rates and patterns of evolution and that these differences did not obscure the central tree-like trend, representing vertical inheritance, observed in the different trees (Koonin, Puigbo and Wolf 2011) .
It is commonly assumed, or portrayed, that the problem of incongruity in phylogenetic trees specifically affects the evolutionary relationships within the prokaryotes (Gogarten, Doolittle and Lawrence 2002; Bapteste et al. 2009) . However, recent studies show that the problem of phylogenetic incongruity is equally prevalent within the eukaryotes (Katz 2002; Gogarten 2003; Rokas et al. 2003; Andersson 2005; Jeffroy et al. 2006; Keeling and Palmer 2008; Kumar et al. 2012; Syvanen 2012; Nosenko et al. 2013) . Even for primates, where the species relationships have been extensively studied by independent means (Williams, Kay and Kirk 2010) , 30% of the human genes do not support the accepted (gorilla, (human,chimpanzee)) topology (Hobbolt et al. 2007; Galtier and Daubin 2008) . Phylogenomic analyses are also unable to resolve metazoan or microsporidian origin (Thomarat, Vivares and Gouy 2004) and the results obtained using different datasets are incongruent (Hibbett et al. 2007 ). Recently, two detailed studies based on large datasets of protein sequences have examined the root of the placental animals Romiguier et al. 2013) . The results from each of these studies strongly supported different inferences (i.e. rooting of the mammalian lineage in either Afrotherian or Boroeutherians), which are mutally exclusive and are irreconcilable (Teeling and Hedges 2013) . Galtier and Daubin (2008) have examined phylogenetic incongruence between comparable genes using a dataset comprised of metazoan and bacteria sequences. The results of their analyses show that the level of conflict, which may be attributable to HGTs, varied in different phyla. In some phyla, such as Gammaproteobacteria >99% of the genes were in agreement with the species tree (comparable or better than the metazoan tree where 98.6% genes were in agreement), whereas in others the level of concordance ranged from 77.6% to 92.1%. However, in all cases, >75% of the genes supported the consensus tree (Galtier and Daubin 2008) .
The main conclusion to be drawn from these studies is that incongruities in phylogenetic trees is an inherent characteristic of such analyses and the datasets involved, and this can result from several factors. Further, phylogenetic agreement is much more common than disagreement among individual gene trees indicating that HGTs or any other process has not significantly diminished the vertical signals betraying the shared natural evolutionary histories of the prokaryotic organisms (Ge, Wang and Kim 2005; Beiko, Harlow and Ragan 2005; Galtier 2007; Galtier and Daubin 2008; Koonin, Puigbo and Wolf 2011; Puigbo, Wolf and Koonin 2012) . Additionally, the observed incongruities in phylogenetic trees in general are stochastically distributed around a consensus tree and show no specific pattern (Beiko, Harlow and Ragan 2005; Koonin, Puigbo and Wolf 2011) . These inferences are in accordance with the collective observations of evolutionary microbiologists summarized in the following quote.
The conclusion of almost a decade of studies since the first complete bacterial genome sequence was published is, that indeed prokaryotes can 'capture' new genes from other organisms, sometime extremely distantly related. However, each species still appears to have its genetic individuality, and it surely not so that life is a common gene pool, shared more or less randomly between all organisms that inhabit our planet. (Oren 2010b) A second major criticism of Darwin's theory of evolution by natural selection is that the results from genome sequences indicate that the genes from exogenous sources (HGTs, viruses, gene gain or loss, etc.), and not those vertically inherited, are the major sources of genetic variations (Doolittle and Bapteste 2007; Koonin 2009; Raoult and Koonin 2012) . This criticism implies that Darwin's theory of evolution only stipulates that all genetic variations in the population are caused by vertically inherited changes. However, this is not true. As noted earlier, Darwin was unaware of genes and the role they play in phenotypic variation; he was, however, acutely aware that variation in population can result from different sources/mechanisms (Darwin 1859; Penny 2011) . In chapters XIII and XIV of 'The Origin of Species', he repeatedly underscores the importance of the adaptive changes in the evolution of new species. Such changes, he points out, result from the habits or environments of the species, which, in modern terminology, would correspond to horizontally acquired characteristics, where the acquisition of a given characteristic is strongly influenced by the selective pressure exerted by the environment.
With regard to the overall incidence of HGTs (whether it is mediated by plasmids, viruses or other mechanisms), as noted above, there is wide disagreement (Raoult and Koonin 2012) and several detailed studies show that horizontally acquired genes in most genome are no more than 20% and that the vast majority of genes (>80%-85%) within microorganisms are inherited in a vertical manner (Beiko, Harlow and Ragan 2005; Galtier and Daubin 2008; Puigbo, Wolf and Koonin 2009; Boussau and Daubin 2010) . Closely related species, or those living in similar environments, generally show higher incidences of HGTs (Beiko, Harlow and Ragan 2005; Galtier and Daubin 2008; Touchon et al. 2009 ). The incongruity of phylogenetic trees, which is commonly used as an argument in support of rampant HGTs, as noted above, can be caused by many technical factors and only a very small fraction of these are possibly due to HGTs. Another important source of genomic variation among closely related species/strains is due to gene gain or loss (Ochman and Moran 2001; Danchin 2002 Danchin , 2003 Daubin and Ochman 2004; Coenye et al. 2005; Lerat et al. 2005; Fang, Rocha and Danchin 2008; Boussau and Daubin 2010; Koonin 2015) . However, most gain/loss genes are of the orphan category showing no similarity to any other genes/proteins in the databases. The mechanisms by which these novel genes originate remain to be determined, but there is little evidence indicating that such genes are derived from viruses or other exogenous sources by means of HGTs (Galperin 2001; Danchin 2003; Daubin and Ochman 2004; Lerat et al. 2005; Danchin, Fang and Noria 2007; Gao and Gupta 2012a) . Nonetheless, these novel mechanisms of variation greatly enriches the genetic pool on which selection can act in different environments (Lerat et al. 2005; Fang, Rocha and Danchin 2008; Kuo and Ochman 2009; Touchon et al. 2009 ). Based on the above, it is clear that HGTs within prokaryotic organisms are not as rampant or widespread as they are commonly thought. Importantly, as Darwin also recognized and emphasized that adaptive changes (equivalent to HGTs) play an important role in the evolutionary process, such changes are not contrary to Darwin's theory. Some examples of HGTs and how their evolutionary significance should be interpreted according to Darwin's theory are discussed in Sections 'Usefulness of CSIs and CSPs for classification and evolutionary studies' and 'Evolutionary relationships for the prokaryotic groups based on phylogenomic analyses and identification of CSIs and CSPs'.
Darwin's views concerning the suitability of characters (markers) that are useful for evolutionary/classification studies
Although a central evolutionary trend is observed in different phylogenetic trees, the question needs be asked 'What makes a given taxonomic group distinct from all others and shows that the members of this group are specifically related to each other?' If the identification of different taxonomic clades is based only on their often branching together in phylogenetic trees based on 16S rRNA or some other genes/proteins, then these groups can only be defined, at best, in vague 'statistical terms' (Koonin 2009 (Koonin , 2015 O'Malley and Koonin 2011; Puigbo, Wolf and Koonin 2013) . In this case, as noted by many authors, due to the observed incongruity in different phylogenetic trees, the microbial tree of life might be more accurately represented by a net-or web-like pattern, identifying the underlying uncertainties in the branching pattern (Doolittle and Bapteste 2007; Bapteste et al. 2009; Beiko 2011; Dagan 2011; Leigh et al. 2011; Popa et al. 2011; Williams et al. 2011; Georgiades and Raoult 2012; Koonin and Wolf 2012; Merhej and Raoult 2012; O'Malley 2013; Puigbo, Wolf and Koonin 2013; Koonin 2015; Soucy, Huang and Gogarten 2015) . However, this is clearly not in accordance with Darwin's views. According to Darwin, the proposed 'grouping implies that something more is included in our classification (i.e. species, genera, families and other taxonomic groups),than mere resemblance; and that something more, -is the bond hidden as it is by various degrees of modification, which is partially revealed to us by our classification' (Darwin 1859: 335) . Darwin then further clarifies 'that the characters which naturalists consider as showing true affinity between two or more species, are those that have been inherited from a common parent and -that community of descent is the hidden bond which naturalists have been unconsciously seeking' (Darwin 1859: 340) .
Darwin thus emphasized that any given group of species whose members are truly related to each other due to their evolutionary history should be characterized, not by mere resemblance, but by the presence of shared-derived characters that they have inherited from a parent. He then further elaborated the properties of the characters that are most useful for revealing their evolutionary relatedness or for classification purpose.
If they (i.e. taxonomists) find a character nearly uniform, and common to a great number of forms, and not common to others, they use it as one of high value.p. 338
We care not how trifling a character may be, . . . if it prevail throughout many and different species, especially those having very different habits of life, it assumes high value; for we can account for its presence in so many forms with such different habits, only by its inheritance from a common parent. (Darwin 1859: 344) Darwin's approach for understanding evolution and classification was thus based on a 'cladistics' method, where different monophyletic clades of organisms of various taxonomic ranks, and the relationships among them, are distinguished from each other based on the presence of discrete shared-derived characteristics. The cladistics approach also forms the basis of the Hennig method for development of a phylogenetic-based systematics (Hennig 1966; de Queiroz and Gauthier 1992) . Lastly, toward the very end of his book in chapter XIV, Darwin summarizes his views/hopes concerning the classification and evolutionary relationships among different species. He exhorts us to discover reliable characters, which would enable us to understand the evolutionary relationships among different groups of organisms.
We possess no pedigrees or armorial bearings; and we have to discover and trace the many diverging lines of descent in our natural genealogies, by characters of any kind which have long been inherited. (Darwin 1859: 393) In this context, the object of our investigations is very clear-it is to understand the evolutionary relationships among prokaryotes and develop a reliable classification reflecting their genealogies Klenk and Goker 2010; Oren 2010a; Jones 2012; Zhi et al. 2012; Gao and Gupta 2012a; Sutcliffe et al. 2013; Chun and Rainey 2014; Oren and Garrity 2014; Rossello-Mora and Amann 2015; Sutcliffe 2015; Whitman 2015) . Therefore, the challenge is to identify reliable shared-derived genetic characters, if they exist, that can serve to clearly demarcate different groups of prokaryotic organisms and reveal their evolutionary relationships. The markers that are ideally suited for such studies are homologous molecular sequences of apomorphic character (i.e. synapomorphies) that are uniquely shared by specific monophyletic groups of organisms (Hennig 1966; de Queiroz and Gauthier 1992; Gupta 1997 Gupta , 1998a Bapteste and Philippe 2002; Gupta and Griffiths 2002; Stackebrandt 2006; Gribaldo and Brochier-Armanet 2012) . Additionally, the presence or absence of these markers in orthologous sequences should be readily discernable and minimally affected by various factors which confound inferences from phylogenetic trees (Gupta 1998a (Gupta , 2010a (Gupta , 2014a Rokas and Holland 2000; Gupta and Griffiths 2002; Felsenstein 2004; Springer et al. 2004; Stackebrandt 2006; van Rheede et al. 2006; Gupta and Gao 2010; Jones 2012; Gao and Gupta 2012a; Sentausa and Fournier 2013) . Genome sequences indeed provide a rich resource for the discovery of such molecular markers and of these conserved signature indels (CSIs) and conserved signature proteins (CSPs) have proven very useful for the understanding of microbial phylogeny and systematics. Some characteristics of these markers for evolutionary and systematic studies are described below.
USEFULNESS OF CSIs AND CSPs FOR CLASSIFICATION AND EVOLUTIONARY STUDIES
CSIs that are useful for evolutionary and systematics studies ('taxonomic grade') constitute only a small fraction (∼1%-5%) of all inserts and deletions (i.e. indels) present in genes/proteins sequences (Rivera and Lake 1992; Baldauf and Palmer 1993; Gupta 1998a Gupta , 2014a Gupta , 2015 Rokas and Holland 2000; Janecka et al. 2007; Ajawatanawong and Baldauf 2013) . These are similar-sized indels present at a specific position within a conserved region of the gene/protein. A diagrammatic illustration of a CSI in protein sequences is shown in Fig. 1A . In this graphic, a 7 amino acid (aa) indel in a conserved region is commonly shared by all members belonging to a monophyletic group X, but it is not found in different members from groups A, B, C and D. The groups A, B, C, D and X could represent different phyla or clades of other taxonomic ranks. Because indel of a definite size, at a precise location, can only result from a highly specific (or rare) genetic change, such indels are less likely to arise independently (i.e. plesiomorphic origin) in different organisms (Rivera and Lake 1992; Baldauf and Palmer 1993; Gupta 1998a Gupta , 2014a Gupta , 2015 Rokas and Holland 2000; Janecka et al. 2007; Ajawatanawong and Baldauf 2013) . Hence, the most parsimonious explanation for CSIs which are restricted to a monophyletic group of organisms is that the observed genetic change first occurred in a common ancestor of the given group, followed by its vertical inheritance in all descendents (Fig. 1A, right diagram) . Additionally, based on the presence or absence of a given CSI in outgroup species the ancestral state of the CSI, i.e. whether a given CSI represents an insert or a deletion in a given group, can be inferred (Rivera and Lake 1992; Baldauf and Palmer 1993; Gupta 1998a Gupta , 2014a Gupta , 2015 Janecka et al. 2007) . For the CSI shown in Fig. 1 , its absence in all other taxa except X indicates that it is an insertion in the taxon X. Genetic changes leading to CSIs can occur at different phylogenetic branch points (shown by gray arrows in Fig. 1A , right) and they can be specific for taxonomic clades ranging from phyla, orders, families and genera to single species (or strains). Further, based on a set of CSIs demarcating different evolutionary branch points it is possible to determine the interrelationships among a given group of taxa independently of the phylogenetic trees (Fig. 1B) (Griffiths and Gupta 2001; Gupta and Lali 2013; Bhandari and Gupta 2014a; Gupta 2014a Gupta , 2016b Gupta et al. 2016) . Thus, the use of the CSIs or CSPs for demarcation of different clades and for understanding their evolutionary relationships satisfies Based on CSIs of this kind, which have occurred at important branch points in evolution, the branching order of the main bacteria phyla can be determined (Gupta 2001 (Gupta , 2003 (Gupta , 2010a Griffiths and Gupta 2004b ). This figure has been adapted and modified from the website (www.bacterialphylogeny.info).
the 'cladistic principles' proposed by Darwin for markers used to determine taxonomic relationships.
Three key characteristic properties of the CSIs make them as useful markers for evolutionary and classification studies. First, the CSIs represent 'discrete characters' that are commonly shared by a given group of organisms. Due to their being flanked on both sides by conserved regions, their presence or absence in homologous sequences can be readily and unequivocally determined by visual or other computational means. The presence or absence of CSIs in gene/protein sequences is not affected by factors such as differences in evolutionary rates between different species or sites, compositional differences, long-branch attraction effect, taxa selection or other variables which can confound the inferences based on phylogenetic trees. Although CSIs found in both nucleic acid and protein sequences are useful for evolutionary studies, much of the work on identification of CSIs has been carried out on protein sequences. The main advantage of protein sequences for these studies is that even a 1 aa indel in a protein sequence results from a rare genetic change requiring an in-frame 3 bp insertion or deletion in the corresponding gene. Thus, such observed changes in conserved regions of the protein are less likely to arise by other means (such as spontaneous mutation). In this regard, both large and small CSIs in protein sequences provide equally useful molecular taxonomic markers (Rivera and Lake 1992; Baldauf and Palmer 1993; Gupta 1998a Gupta , 2014a Gupta , 2015 Rokas and Holland 2000; Janecka et al. 2007; Ajawatanawong and Baldauf 2013) .
A second important characteristic of the CSIs, which is also central for their usage in evolutionary and classification studies, is their coherence or fidelity within a given group of organisms and their predictive ability to identify other members from the same group. To illustrate this important characteristic of the CSIs, Fig. 2 shows a 1 aa CSI in the Hsp60 (GroEL) protein. The indel shown here was first identified in 1994, prior to the sequencing of any genome (Gupta 1995) . Based on the species distribution profile of this CSI from a limited number of species, the 1 aa insert in this position in Hsp60/GroEL was indicated to be a specific characteristic of various phyla of Gram-negative bacteria (namely different classes of Proteobacteria, BacteriodetesChlorobi, Chlamydiae, Spirochaetes and Cyanobacteria), but lacking in the Gram-positive bacteria (namely Firmicutes and Actinobacteria) as well as the Deinococcus-Thermus group (Gupta 1995 (Gupta , 1997 (Gupta , 1998a . Additionally, this insert was also present in the organelle (mitochondria and chloroplasts) homologs of Hsp60 (Gupta 1995 (Gupta , 1998a , which are derived from two distinct insert-containing phyla of Gram-negative bacteria (Alphaproteobacteria and Cyanobacteria, respectively) (Gray and Doolittle 1982; Margulis 1993) . In the past 20 years, as genome sequence information for different species has accumulated, species distribution profile of this CSI has been updated multiple times and the results of these analyses show that the presence or absence of this CSI in members from different phyla of bacteria can be predicted with nearly absolute accuracy/confidence (Gupta 1998a (Gupta , 2000b (Gupta , 2001 (Gupta , 2005 (Gupta , 2014a (Gupta , 2016b Griffiths 2002; Griffiths and Gupta 2004b; Gupta and Gao 2010; . As seen from Fig. 2 , of the >10 000 sequenced genome from the phyla of Gram-negative bacteria indicated in this figure, this CSI is present in all of the genomes, whereas in an equally large number of genomes from the remainder of the bacterial phyla, this CSI is lacking in virtually all of them (i.e. >99.5%). Few exceptions seen for some groups are in cases where two homologs are found in certain species, one of which lacks the CSI as expected, whereas another, possibly acquired by means of HGT, contains the indel. Other evidence discussed later and in our earlier work (Gupta 1998a; Griffiths and Gupta 2001) indicates that the observed CSI in the Hsp60/GroEL protein is an insert and the genetic change responsible for this CSI occurred in a common ancestor of the indicated bacterial phyla as shown in Fig. 2 . The remarkable fidelity of this molecular signature in a very large group of organisms and its predictive ability to identify all other (previously known or unknown) members of indicated groups makes it one of the most reliable biological characteristics presently known. Similar constancy and predictive ability has been observed/demonstrated for numerous other CSIs that are specific for different other groups of bacteria at various phylogenetic levels (Gupta 2009 (Gupta , 2010b (Gupta , 2014a (Gupta , 2016b Gupta and Gao 2010; . As Darwin has noted, the characters (such as these CSIs), which are uniform and commonly shared by a great number of forms, but not common to others, are of high value for evolutionary/classification studies (Darwin 1859) .
A third important characteristic of the CSIs is that the genetic changes represented by them are biologically (or functionally) important for the organisms which harbor them. Although the high degree of evolutionary conservation of these CSIs for particular groups of organisms implies that the resulting genetic changes should be biologically significant for the indicated groups, this inference is not commonly recognized by most evolutionary biologists or biochemists. The idea that a 'trifling genetic change' such as a 1 aa insertion (Fig. 2) in a protein, which carries out a conserved function in different organisms (Ellis and van der Vies 1991; Zeilstra-Ryalls, Fayet and Georgopoulos 1991; Bukau and Horwich 1998), could be important for a specific group of organisms, is not easy to conceptualize. However, experimental studies on a number of CSIs provide irrefutable evidence that these CSIs are essential for the groups of organisms where they are found (Singh and Gupta 2009 ). The results for the 1 aa CSI found in the Hsp60/GroEL protein are summarized in Table 1 . In these studies, employing a temperature-sensitive mutant of Escherichia coli affected in expression of GroEL protein (Ang and Georgopoulos 1989; Fayet, Ziegelhoffer and Georgopoulos 1989) , genetic complementation was carried out using plasmids expressing either the wild type or different mutant forms of the E. coli groEL gene, or groEL genes from other organisms, which either lack or contain this CSI (Singh and Gupta 2009 ). As seen from the results presented in Table 1 , the removal of this 1 aa insert from the E. coli groEL gene or even most substitutions in this position were incompatible with the cellular function of the resulting gene/protein as indicated by its ability to support cell growth at 42
• C. Likewise, while the groEL from organisms containing this CSI was able to restore cell growth at 42
• C, those lacking the CSI were unable to do so. Further, it should be noted that except for Cyanobacteria, which contain a glycine (G) in the insert position, all other Gram-negative phyla have an asparagine (N) in this position (Singh and Gupta 2009 ). Interestingly, while all of the mitochondrial homologs of Hsp60 contain an N in this position, all of the plastid homologs have a G in this position (Fig. 1) . These results support the origin of mitochondria from Alphaproteobacteria and of the plastids from Cyanobacteria (Gray and Doolittle 1982; Morden et al. 1992; Delwiche, Kuhsel and Palmer 1995; Gupta et al. 2003) . The observation noted above indicates that a change from N to G is a highly specific characteristic of the cyanobacterial and plastid homologs. Accordingly, the replacement of N with G in the insert position is not compatible with the cellular function of the GroEL protein in E. coli cells (Table 1) .
Results very similar to the CSI in the GroEL protein have been obtained with a number of CSIs in other proteins including multiple CSIs found in the DnaK protein (Singh and Gupta 2009) , as well as with the CSIs in the Ftsz, SecA and Gyrase B proteins (Gupta 2000b (Gupta , 2001 ; Gupta, R.S., unpublished results). Earlier work has also identified a 2 aa insert in a conserved region of the DnaK protein that is commonly shared by Clostridium boltae and a number of other species but not found in the E. coli protein.
When this 2 aa insert was introduced into the E. coli dnaK gene in the same position as in C. boltae, the resulting protein did not support the growth of E. coli cells (Singh and Gupta 2009 ). These results provide evidence that while a given CSI is essential for a particular group of organisms, the introduction of the same CSI in other species, where it is not found, is incompatible with the cellular function (ability of cells to grow) of the protein. These results provide strong evidence that the CSIs in protein sequences, both large and small, provide not only highly reliable molecular markers for evolutionary and classification studies, but also play important functional roles in the organisms where they are found.
CSPs is another category of genome sequences derived molecular markers which have proven useful for evolutionary/systematics studies. The term CSPs describes those proteins, for whom all BLAST hits showing significant similarity are restricted to a phylogenetically well-defined (i.e. monophyletic) group of organisms (Daubin and Ochman 2004; Kainth and Gupta 2005; Lerat et al. 2005; Gupta and Griffiths 2006; Gupta and Mok 2007; Griffiths and Gupta 2007a; Dutilh et al. 2008; Fang, Rocha and Danchin 2008; Gupta and Mathews 2010; Gao and Gupta 2012b; Gupta 2016b ). Similar to the CSIs, CSPs are also present at different phylogenetic depths and they provide useful potential molecular markers for evolutionary and classification studies. The generally exclusive presence of these CSPs in specific monophyletic groups of organisms strongly suggests that the genes encoding these CSPs first evolved in a common ancestor of the indicated groups and they were then retained by all descendants (Singh and Gupta 2009; Gupta and Gao 2010; Gupta and Mathews 2010; Gao and Gupta 2012b; Gupta 2016b) . Extensive work on CSPs provides evidence that, similar to the CSIs, most of the described CSPs also exhibit high degree of specificity and predictive ability to be found in particular groups of organisms Gupta and Mok 2007; Gao and Gupta 2012b; Gupta, Naushad and Baker 2015a; Gupta 2016b ). Due to their taxa specificities and persistence, the genes for these CSPs provide particularly useful means for identifying different groups of organisms in molecular terms. Although most of the CSPs are of unknown cellular functions, due to the persistence of these genes in specific organisms they are predicted to specify functional characteristics that are specific for the indicated groups of organisms (Danchin 1999; Galperin 2001; Roberts 2004; Danchin 2005, 2008; Lorenzini et al. 2010; Chandra and Chater 2014; Gupta 2016b) .
Shared presence of CSIs (and CSPs) in unrelated groups provides useful means for identifying HGTs and convergent evolution
In addition to the CSIs that are uniquely found in monophyletic groups of organisms, some CSIs are also commonly shared by evolutionarily unrelated taxa. These CSIs, which are in the minority, generally show no specific pattern of gene sharing or relationships (Gupta and Bhandari 2011; Naushad and Gupta 2013; Gupta 2015) . The presence of similar CSIs in different taxa can result from at least two distinct mechanisms: (i) independent occurrence of similar genetic changes in the given taxa (i.e. convergent evolution) (Gupta and Bhandari 2011; Bhandari and Gupta 2012; Naushad and Gupta 2013) and (ii) horizontal transfer of a CSI-containing gene from one group to the other Gupta 2002, 2006a; Beiko and Ragan 2008; Lima and Menck 2008; Huang and Gogarten 2009; Boto 2010; Abby et al. 2012; Gupta 2016b ). These possibilities can be distinguished by comparing the phylogenetic tree based on the gene/protein sequences containing the shared CSIs with other widely distributed genes/proteins (Griffiths and Gupta 2006a; Abby et al. 2012; Naushad and Gupta 2013) . If the shared presence of a CSI in different groups is due to independent genetic changes, then the members of these groups will branch separately in a phylogenetic tree based on the gene/protein containing the shared CSI, similar to that observed in phylogenetic trees based on other genes/proteins (Naushad and Gupta 2013) . On the other hand, if the shared presence of the CSI is due to HGT, then the groups sharing the CSI will branch together in the tree based on the CSI-containing protein, but not in phylogenetic trees based on other genes/proteins (Griffiths and Gupta 2006a) .
Several examples of the presence of shared CSIs in unrelated taxa resulting from either convergent evolution or HGT have been described in published work. In recent studies on members of the order Xanthomonadales, in addition to the large numbers of CSIs which were specific for this order of Gammaproteobacteria, some CSIs were also identified that were commonly shared by Xanthomonadales and a limited number of Alpha-or Betaproteobacteria (Cutino-Jimenez et al. 2010; Naushad and Gupta 2013; Naushad et al. 2015) . Phylogenetic studies performed on the proteins containing the latter CSIs showed that the shared presence of CSIs in unrelated groups was not due to HGTs, but due to independent occurrence of similar genetic changes (convergent evolution) (Naushad and Gupta 2013) . In contrast to these results, the shared presence of similar CSIs in the proteins serine hydroxymethyltransferase (GlyA) and UDP-Nacetylglucosamine enolpyruvyltransferase (MurA), which are commonly shared by many Actinobacteria as well as by the phylum Chlamydiae, and, in the case of the GlyA protein, also in members of the genus Treponema, has been shown to be due to HGTs Gupta 2002, 2006a) . Partial sequence alignment of the GlyA protein shows a 3 aa CSI that is commonly shared by some Actinobacteria, Chlamydiae and Treponema spp. (Fig. 3) . Although the phylum Chlamydiae and the genus Treponema are very distantly related to Actinobacteria on the basis of 16S rRNA or other phylogenetic trees (Ludwig and Klenk 2005; Ciccarelli et al. 2006; Yarza et al. 2008; Wu et al. 2009 ), in trees based on GlyA or MurA protein sequences, these two groups branch within the phylum Actinobacteria together with the other CSI-containing Actinobacteria (Fig. 3) (Griffiths and Gupta 2006a) . The observed branching pattern in this case is consistent with the idea that shared presence of the CSIs in the GlyA and MurA proteins in these bacterial groups is due to horizontal transfer of the glyA and murA genes from a CSI-containing actinobacteria to the ancestors of Chlamydiae and/or Treponema species.
Do the CSIs that are commonly shared by unrelated groups pose significant problem in the understanding of microbial phylogeny and systematics? As noted earlier, the CSIs that are present in divergent groups due to either HGTs or convergent evolution are similar to the analogical or adaptive traits (paraphyletic characteristics) and as pointed out by Darwin they are of limited utility for systematic studies (Darwin 1859) ; an 'analogical or adaptive character, although of the utmost importance to the welfare of the being, are almost valueless to the systematist'. The cladistic approach for classification developed by Hennig (1975) also utilizes only the monophyletic characteristics for classification purpose and considers paraphyletic traits to be not useful in this regard. However, while the characteristics (namely CSIs) showing paraphyletic distribution are not useful when one group is compared to the other, such characteristics (CSIs) still provide useful diagnostic markers, when the two groups of organisms are individually considered (Darwin 1859; Griffiths and Gupta 2006a; Huang and Gogarten 2009; Abby et al. 2012) . Thus, in the example shown in Fig. 3 , the 3 aa insert in the GlyA protein is a distinctive characteristic of the phylum Chlamydiae, as well as the genus Treponema and a subgroup of Actinobacteria, and it can be used to distinguish members of these groups from other related bacteria. 'in comparing one group with a distinct group, we summarily reject analogical or adaptive characters, and yet use these same characters within the limit of the same group' (Darwin 1859: 350-351) .
EVOLUTIONARY RELATIONSHIPS FOR THE PROKARYOTIC GROUPS BASED ON PHYLOGENOMIC ANALYSES AND IDENTIFICATION OF CSIs AND CSPs
In the past 10-15 years, analyses of genome sequences have led to identification of large numbers of CSIs and CSPs that are specific for many prokaryotic taxa at multiple phylogenetic levels (see Table 2 ). The results of these studies from a few of the groups are briefly described below to illustrate how the comparative analyses of genome sequences, in conjunction with the phylogenomic studies, are helping in the understanding of microbial evolution and classification. , which is commonly shared by different Chlamydiae, some actinobacteria and Treponema spp. In a tree based on GlyA protein sequence, the Chlamydiae and Treponema spp. group with the insert-containing Actinobacteria, within a clade of all other Actinobacteria. The observed branching pattern indicates that the shared presence of this insert in Chlamydiae and Treponema spp. is due to horizontal acquisition of the gene for GlyA protein from an insert-containing Actinobacteria. Based on Griffiths and Gupta (2006a) .
Impact of genome sequences on the classification of halobacteria
Halobacteria comprise the largest and most actively studied class within the phylum Euryarchaeota and the domain Archaea. Of the 3205 cultured strains of Euryarcheota species that are currently listed in the RDP database (Cole et al. 2014) , almost two thirds belong to the class Halobacteria. Members of the class Halobacteria are ubiquitous and found in different high-salt environments and most species require more than 2.0 M NaCl for growth (Grant et al. 2001b; Oren 2012 Oren , 2014 McGenity and Oren 2012) . Until recently, all members of the class Halobacteria were part of a single order and a single family and their interrelationships, on the basis of chemotaxonomic characteristics and analysis of the 16S rRNA gene sequences, could not be resolved (Grant et al. 2001a; Oren 2012 Oren , 2014 Wright 2006; Papke et al. 2011; McGenity and Oren 2012; Soucy et al. 2014) . Genome sequence analyses have made a major impact on clarifying the evolutionary and taxonomic relationships within members of the class Halobacteria. The new understanding of the class Halobacteria that has resulted from these studies is summarized below and depicted in Fig. 4 .
Comparative analyses of protein sequences from haloarchaeal genomes have identified 13 CSIs in proteins involved in a broad range of cellular functions, and 68 CSPs, which are specifically found in different sequenced members of the class Halobacteria (Gupta, Naushad and Baker 2015a) . The discovered CSIs and CSPs provide novel molecular markers for distinguishing members of the class Halobacteria from all other archaea. The work on Halobacterial CSPs also provides information regarding the reliability and predictive ability of the CSPs. The initial study on four haloarchaeal genomes in 2006 identified 127 proteins Gupta (2012, 2013) ; Naushad, Lee and Gupta (2014); Wong et al. (2014) . D: Gupta (2006) . E: Griffiths and Gupta (2004b) ; Gupta and Lali (2013); Gupta (2014b) . F: Griffiths, Petrich and Gupta (2005); Griffiths, Ventresca and Gupta (2006); Gupta and Griffiths (2006) ; Gupta (2006b, 2007b) ; Gupta, Bhandari and Naushad (2012); Gupta et al. (2015b) . G: Gupta (2004 Gupta ( , 2010b ; Gupta and Lorenzini (2007) ; Rahman et al. (2016) . H: Gupta, Mahmood and Adeolu (2013c); Adeolu and Gupta (2014) . I: Gupta et al. (2003) ; Gupta (2009 Gupta ( , 2013 ; Gupta and Mathews (2010); Howard-Azzeh et al. (2014) . J: Ravinesan and Gupta (2014) . K: Gupta (2013); Gupta, Chander and George (2013a) . L: Gupta (2004a, 2007a) and unpublished results. M: Gupta and Bhandari (2011); Bhandari, Naushad and Gupta (2012); Bhandari and Gupta (2014a,b) . N: Gupta and Sethi (2014) . O: . P: Gupta (2005, 2012b Campbell, Adeolu and Gupta (2015) . R: Gupta (1998a); Gao and Gupta (2007) . S: Gao and Gupta (2007) ; Gupta and Shami (2011) . T: Gao and Gupta (2007) . U: Gao and Gupta (2007) ; Gupta, Naushad and Baker (2015a) .
whose homologs were limited to the four genome sequenced species (Gao and Gupta 2007) . A later study based on 13 haloarchaeal genomes indicated that of the 127 CSPs identified originally, 64 were specifically present in all haloarchaea (Capes, DasSarma and DasSarma 2012) . More recent work based on >100 sequenced halobacteria genomes shows that of the 127 originally identified CSPs, 68 CSPs, which included all 64 proteins identified by Capes, DasSarma and DasSarma (2012) , were uniquely retained by all or nearly all (>90%) sequenced haloarchaea and the remaining were specific for smaller clades within the class Halobacteria (Gupta, Naushad and Baker 2015a). These results provide evidence that, despite the large increase in the number of sequenced genomes, most of originally identified CSPs have retained their group specificity and, further, they are also found in other members from this class for which no sequence information was available. Phylogenetic trees have been constructed for Halobacteria based on different large datasets of concatenated protein sequences (Papke et al. 2011; Soucy et al. 2014; Gupta, Naushad and Baker 2015a) . The most detailed and robust of these phylogenetic trees is based on sequences of 766 proteins from 129 members of the class Halobacteria (Gupta, Naushad and Baker 2015a; Gupta et al. 2016) . In all of these phylogenetic trees, as well as in trees based on 16S rRNA sequences and several individual highly conserved proteins (namely RpoC, EF-Tu, UvrD, GyrA, EF-2/EF-G), two major clades harboring almost two thirds of the sequenced haloarchaeal species are consistently observed (Gupta, Naushad and Baker 2015a) . These clades are now recognized as two new orders, Natrialbales and Haloferacales within the class Halobacteria. Comparative analyses on haloarchaeal genomes have also identified multiple molecular markers that are specific for the members of these two clades, providing independent evidence that the members of these clades are specifically related to each other due to their unique shared ancestry. The members of the order Natrialbales are distinguished from all other haloarchaea by two CSIs and eight CSPs that are specifically found in different members of this order. Likewise, four CSIs in different proteins and five CSPs serve to distinguish members of the order Haloferacales from all other haloarchaea (Fig. 4) . Additionally, the absence of pyrD gene in the upstream region of the 16S rRNA is also indicated to be a unique characteristic of the order Natrialbales (Minegishi et al. 2012) .
Within the order Haloferacales, two main groups can also be reliably distinguished by phylogenomic studies and on the basis of molecular signatures (Gupta et al. 2016) . The first group containing the genus Haloferax and related genera is distinguished by four CSIs and five CSPs, whereas a second group containing the genus Halorubrum and related genera is supported by four CSPs (Fig. 4) . These two groups are now proposed to comprise two families, Haloferacaceae and Halorubraceae fam nov. within the order Haloferacales (Gupta et al. 2016) . Recent work also provides evidence that within the order Halobacteriales two large monophyletic clusters of organisms are present in addition to a third polyphyletic group comprising the remaining members of this order. These two monophyletic groups, the first consisting of the genus Haloarcula and related genera and compris- Figure 4 . A summary of the current taxonomy of the class Halobacteria based on different molecular signatures (CSIs and CSPs), which have thus far been identified for the members of this class. The interrelationship among the three main orders as well as other groups needs to be further studied. Based on Gupta, Naushad and Baker (2015a) and Gupta et al. (2016) .
ing of different members of the genus Halococcus, are distinct on the basis of multiple identified CSIs and CSPs. On the basis of these results, a proposal has recently been made to divide the order Halobacteriales into three families, an emended family Halobacteriaceae and two new familes, Haloarculaceae fam. nov. and Halococcaceae fam. nov. (Fig. 4) (Gupta et al. 2016) . In addition to the molecular signatures, which are specific for the order and family level taxa, many CSIs and CSPs that are distinctive characteristics of the members of the genera Haloarcula, Halococcus, Haloferax or Halorubrum have also been identified (Fig. 4) (Gupta et al. 2016) . These CSIs/CSPs provide novel means for distinguishing the members of these genera from each other as well as from all other Halobacteria based on the presence or absence of unique molecular features.
Impact of genomic sequences and HGT on the classification of phylum Thermotogae
The phylum Thermotogae is comprised of anaerobic, thermophilic as well as mesophilic bacteria, whose main differentiating characteristic is a toga-like sheath surrounding the cell, which constitutes an atypical outer membrane (Patel, Morgan and Daniel 1985; Gupta 2011; Bhandari and Gupta 2014b) . The phylum Thermotogae presently contains 12 genera harboring >45 type species all of which, until recently, were part of a single family Thermotogaceae (within the order Thermotogales) (Huber and Hannig 2006; L'Haridon et al. 2006; Frock, Notey and Kelly 2010; Gupta and Bhandari 2011; Reysenbach et al. 2013) . BLAST analysis of the Thermotoga maritima genome originally indicated that about 25% of the genes from this species exhibited closer relationship to the archaeal species than to any other bacterial species (Nelson et al. 1999) . However, subsequent analyses have yielded estimates of HGTs in Thermotogae species that are much lower (6%-11%) (Zhaxybayeva et al. 2009; Gupta and Bhandari 2011; . Detailed studies have been carried out on Thermotogae genomes to identify CSIs that are specific for the members of this phylum or those that are commonly shared by Thermotogae species and other prokaryotic phyla (Gupta and Bhandari 2011; Bhandari and Gupta 2014a,b) . These results do not support the view that the genes from Thermotogae have undergone extensive HGTs, impacting an understanding of their evolutionary relationships .
Comparative analyses of Thermotogae genomes have identified 85 CSIs that are specific for members of this phylum at multiple phylogenetic levels (Gupta and Bhandari 2011; Bhandari and Gupta 2014a,b) . A summary of the species specificities of the discovered CSIs is presented in Fig. 5 . A total of 11 of these CSIs were specific for all Thermotogae species providing molecular markers specific for this phylum. The remainders of the 74 CSIs were specific for multiple clades of Thermotogae species, which were also supported by phylogenetic trees based on 16S rRNA gene and concatenated protein sequences (Bhandari and Gupta 2014a,b) . A total of 9 CSIs were specific for a clade comprising of the genera Thermotoga, Thermosipho and Fervidobacterium, whereas 10 other CSIs provided evidence that the genera Thermosipho and Fervidobacterium shared a common ancestor exclusive of the other Thermotogae. In addition, 12 other CSIs provided specific markers for the genera Thermosipho or Fervidobacterium. Two other deep branching clades, one consisting of the genera Kosmotoga and Mesotoga and the other comprising of the genera Petrotoga and Marinitoga, were also supported by multiple CSIs. Based on the results of the phylogenetic studies in conjunction with the large numbers of molecular markers those were specific for different subclades of the phylum Thermotogae, the phylum (class) Thermotogae is now divided into three orders namely Thermotogales, Kosmotogales and Petrotogales, containing four families (namely Thermotogaceae, Fervidobacteriaceae Kosmotogaceae and Petrotogaceae) (Fig. 5) Bhandari and Gupta 2014a) . Additionally, 22 other CSIs identified strongly support that the genus Thermotoga consists of two distinct groups, which also branch distinctly in phylogenetic trees. This has Figure 5 . A summary of the current classification of the phylum Thermotogae based on phylogenomic studies and identified molecular signatures. Based on Bhandari and Gupta (2014a,b). led to division of the genus Thermotoga into two genera, an emended genus Thermotoga and a new genus, Pseudothermotoga (Fig. 5) Bhandari and Gupta 2014a) . Of these two genera, whereas members of the genus Thermotoga are hyperthermophilic (i.e. growth temperature >77
• C) and they can reduce elemental sulfur, the optimal growth temperature for species from the genus Pseudothermotoga is 70
• C or lower and only Tt. lettingae possesses the ability to reduce sulfur (Frock, Notey and Kelly 2010; Frock, Gray and Kelly 2012) . The changes to the classification of the phylum Thermotogae that have resulted from these studies are noted in Fig. 5 . In addition to the CSIs that are specific for different clades of Thermotogae, comparative genomic studies have also identified some other CSIs (≈15%-20% of the total) which in addition to some or all Thermotogae species were also present in sporadic members from diverse groups of organisms (namely Aquificae, Archaea, Deinococcus-Thermus, Firmicutes, Proteobacteria, Eukaryotes, etc.) (Gupta and Bhandari 2011; Bhandari and Gupta 2014b) . Although the shared presence of some these of CSIs in the Thermotogae and other taxa could be due to HGTs (Nelson et al. 1999; Gogarten, Doolittle and Lawrence 2002; Zhaxybayeva et al. 2009 ), based on the species distribution of such CSIs (Gupta and Bhandari 2011; , no specific relationship of the phylum Thermotogae to any other group of prokaryotes can be inferred.
The PVC superphylum and applications of molecular markers to understanding the relationships between groups of phyla
The bacteria belonging to the phyla Planctomycetes, Verrucomicrobia, Chlamydiae and Lentisphaerae along with the Candidate phyla Poribacteria, OP3 and WWE2 are collectively grouped and referred to as the PVC superphylum or the PVC clade (Wagner and Horn 2006) . Though members of these phyla exhibit much diversity in terms of their life style and characteristics, a close relationship among these groups is seen in the 16S rRNA trees and phylogenetic studies employing several single-and multigene analyses of protein sequences (Pilhofer et al. 2008; Glockner et al. 2010) . Based on their analysis of 16S rRNA sequence data, Wagner and Horn (2006) proposed that all of these groups are part of a monophyletic entity which is now referred to as the PVC superphylum (Wagner and Horn 2006) . Of the three main phyla that are part of the PVC clade, Planctomycetes contain unusual cellular features such as internal compartmentalization, sterol biosynthesis and endocytosis-analogous pathways that are generally associated with the eukaryotes (Fuerst 2005 (Fuerst , 2013 Ward et al. 2006; Santarella-Mellwig et al. 2010; Ward 2010) . This phylum also harbors anaerobic chemoautotrophic 'anammox' organisms, which can oxidize ammonium to dinitrogen and are very useful in decontamination of wastewater rich in ammonia (Strous et al. 2006) . The members of the phylum Verrucomicrobia are abundant in soil and aquatic environments and they are also commonly associated with eukaryotic species as indicated by their presence in termite guts, human intestines, nematodes and some ciliate protozoa (Hedlund, Gosink and Staley 1997; Sangwan et al. 2005; Wang et al. 2005; Schlesner, Jenkins and Staley 2006; Hedlund 2010 ). The Chlamydiae species, which form the third major group within the PVC clade, grow intracellularly in eukaryotic cells and they exhibit a characteristic biphasic developmental cycle (Fields and Barnes 1992; Schachter and Stamm 1999; Bush and Everett 2001; Horn 2008) . The members of the genus Chlamydia are responsible for many human illnesses including sexually transmitted urinary tract infections, trachoma and pneumonia (Dean Gupta and Griffiths (2006) ; Griffiths and Gupta (2007b) ; ; Gupta et al. (2015b Gupta et al. ( ). et al. 2008 Dean 2009; Lamoth and Greub 2010; Taylor-Brown et al. 2015) .
The diverse bacterial groups which are part of the PVC clade are currently united primarily on the basis of their linkages in phylogenetic trees (Wagner and Horn 2006) . However, recent analyses of genome sequences have identified new molecular markers that support a specific relationship among some of the groups which are part of the PVC clade (Fig. 6) . The beta subunit of RNA polymerase (RpoB) contains a 3 aa conserved insert that is uniquely present in all of the sequenced Chlamydiae, Verrucomicrobia and Lentisphaerae species providing evidence that the member of these three groups are closely related due to their common ancestry exclusive of the other bacterial phyla (Griffiths and Gupta 2007b; Naushad and Gupta 2012) . Additionally, a CSP (accession number NP˙219933) of unknown function is also exclusively present in all of the sequenced species from the phyla Chlamydiae, Verrucomicrobia, Lentisphaerae and Planctomycetes supporting a specific evolutionary relationship among these groups (Fig. 6) . The specificity of this CSP as a unique marker for the PVC clade of bacteria has now been confirmed in an independent study (Lagkouvardos et al. 2014) .
Within the PVC superphylum, exhaustive phylogenomic and comparative genomic studies have been carried out on members of the phylum Chlamydiae (Fig. 6) (Griffiths, Petrich and Gupta 2005; Griffiths, Ventresca and Gupta 2006; Gupta and Griffiths 2006; Gupta et al. 2015b) . These studies have identified 9 CSIs in different proteins and 67 CSPs, which are distinguishing characteristics of the phylum Chlamydiae (Fig. 6) (Griffiths, Petrich and Gupta 2005; Gupta and Griffiths 2006; Gupta et al. 2015b) . The phylum Chlamydiae contains many ecologically and genetically diverse parasitic bacteria with different characteristic host ranges and they are divided into several families (Bush and Everett 2001; Horn et al. 2004; Pillonel et al. 2015) . The species from the family Chlamydiaceae generally infect humans, mammals and birds (Fields and Barnes 1992; Schachter and Stamm 1999; Bush and Everett 2001; Taylor-Brown et al. 2015) , while members of the other Chlamydiae families (e.g. Criblamydiacea, Parachlamydiaceae, Simkaniaceae and Waddliaceae) infect fish, insects, turtles and even single cell amoebae (Greub and Raoult 2002; Koschwanez et al. 2012) . These two groups of Chlamydiae species are clearly distinguishable from each other in phylogenetic trees constructed based on different genes/proteins sequences (Everett 2000; Pillonel et al. 2015; Gupta et al. 2015b) , as well as by character compatibility analysis (Gupta et al. 2015b) . The separation of these two groups of Chlamydiae spp. is also strongly supported by comparative genomic studies, where 17 CSIs and 98 CSPs are specific for members of the family Chlamydiaceae and 3 other CSI variants and 15 CSPs were found to be specific for the families Criblamy- Figure 7 . A summary of the current taxonomy of the phylum Spirochaetes and of different molecular signatures (CSIs and CSPs) for various groups within this phylum that have been identified. The interrelationship among the four main orders has not yet been studied. Based on Gupta, Mahmood and Adeolu (2013c) and Adeolu and Gupta (2014) .
diaceae, Parachlamydiaceae, Simkaniaceae and Waddliaceae (Fig. 6 ) (Gupta et al. 2015b) . These results have led to a proposal for division of the phylum (class Chlamydiia) into two orders, the order Chlamydiales, containing only the family Chlamydiaceae and the closely related candidatus family Clavichlamydiaceae, and a new order Parachlamydiales containing the remainder of the Chlamydiae families (see Fig. 6 ) (Gupta et al. 2015b) . The comparative genomic studies have also identified many CSIs and CSPs that distinguish the two previously proposed genera of Chlamydia namely Chlamydia and Chlamydophila (Fig. 6) (Everett, Bush and Andersen 1999; Gupta et al. 2015b) . Although these two genera are now reunited into the genus Chlamydia (Schachter et al. 2001; Sachse et al. 2015) , reliable evidence exists showing that these two groups of Chlamydia spp. differ from each other phylogenetically and based on a number molecular characteristics (Fig. 6 ) (Gupta et al. 2015b) .
Limited studies have also been carried out on identification of molecular markers for the phyla Verrucomicrobia and Planctomycetes . These studies have identified seven CSIs in different proteins that are specific for members of the phylum Verrucomicrobia at multiple phylogenetic levels, and three CSIs in different proteins (namely ABC transporter protein, cobyrinic acid ac-diamide synthase and SpoVG protein), which are specific for members of the phylum Planctomycetes (Fig. 6) . A summary of the species distribution of different identified molecular signatures for the PVC clade of bacteria is presented in Fig. 6 .
Molecular signatures for different clades within the phylum Spirochaetes and providing clear distinction between the Lyme disease and relapsing fever Borrelia species
The members of the phylum Spirochaetes include causative agents of many highly prevalent diseases including syphilis, Lyme disease, bejel, yaws, pinta, relapsing fever, leptospirosis and intestinal spirochaetosis (Chan and McLaughlin 2000; Paster and Dewhirst 2000; Subramanian, Koonin and Aravind 2000; Paster 2010; Biesiada et al. 2012) . The members of this phylum are distinguished from all other prokaryotes by the presence of one or more endoflagella (Olsen, Paster and Dewhirst 2000; Paster and Dewhirst 2000) . The Spirochaetes species exhibit enormous diversity and they could be free living or host associated, pathogenic or non-pathogenic, and aerobic or anaerobic (Norris et al. 2006; Paster 2010) . There is also enormous variability observed in their genome sizes and organization (Subramanian, Koonin and Aravind 2000; Norris, Cox and Weinstock 2001; Chaconas and Kobryn 2010) . However, despite the enormous genetic diversity seen within its members, the phylum Spirochaetes, until recently, was comprised of a single class (namely Spirochaetia) and a single order (namely Spirochaetales) made up of four families (namely Spirochaetaceae, Brachyspiraceae, Leptospiraceae and Brevinemataceae) (Paster 2010; LPSN Web Resource 2014) .
Recent comparative analyses of genome sequences from the Spirochaetes have identified numerous novel molecular markers for the members of this phylum at multiple phylogenetic levels, which have led to changes in the classification scheme for this phylum (Fig. 7) (Gupta, Mahmood and Adeolu 2013c; Adeolu and Gupta 2014) . These signatures include a 3 aa conserved insert in the FlgC protein, a core component of the motor complex of the flagella, that is specific for the phylum Spirochaetes (Gupta, Mahmood and Adeolu 2013c) . These studies also identified 22 CSIs in a diverse range of proteins that are specific for the three main Spirochaetes families, which include five CSIs for the family Spirochaetaceae, six other CSIs specific for the family Brachyspiraceae and five additional CSIs for the family Leptospiraceae (Fig. 7) (Gupta, Mahmood and Adeolu 2013c) . It is of interest to note that two of Brachyspiraceae-specific CSIs and one CSI specific for the Leptospiraceae family are again found in flagella-related proteins (namely FlgK, FlgB, FlgG) (Gupta, Mahmood and Adeolu 2013c) . The significances of these CSIs regarding the differences in the structures and/or functions of flagella within the Spirochaete families are presently not known. Three other CSIs were uniquely shared by members of the genera Sphaerochaeta, Spirochaeta and Treponema (Gupta, Mahmood and Adeolu 2013c) . A monophyletic grouping of the genera Sphaerochaeta, Spirochaeta and Treponema distinct from the genus Borrelia is also strongly supported by phylogenetic trees (Gupta, Mahmood and Adeolu 2013c) . Based on the extensive genetic diversity of the Spirochaetes as revealed by different CSIs and phylogenetic analyses, the four previously known families within this phylum are now elevated to the order level taxonomic ranks (namely Spirochaetales, Brevinematales, Brachyspiriales and Leptospiriales). Additionally, these studies have also led to division of the order Spirochaetales into two families, a new family Borreliaceae containing the genera Borrelia and Cristispira, and an emended family Spirochaetaceae harboring the remaining genera from this order (see Fig. 7) .
Additional comparative genomic analysis has been carried out on members of the genus Borrelia, which contains the causative agents of both Lyme disease and relapsing fever (Adeolu and Gupta 2014). The genus Borrelia contains at least 37 species which can be separated into two main groups (namely those involved in causing Lyme disease or relapsing fever) based on their pathogenicity profiles (Wang and Schwartz 2011) . However, the members of these two groups are morphologically indistinguishable and until recently, no reliable molecular or biochemical characteristics were known that can distinguish between these two clinically important groups of organisms. Analyses on the protein sequences from 38 Borrelia genomes have identified many molecular markers (namely CSIs and CSPs) that are specific for either all Borrelia species or for those Borrelia species that cause Lyme disease or the relapsing fever (Adeolu and Gupta 2014). Of these molecular markers, 31 CSIs and 82 CSPs are uniquely found in all sequenced Borrelia species, whereas 7 CSIs and 21 CSPs are specific for the Lyme disease Borrelia species and 8 CSIs and 4 CSPs are only found in the relapsing fever Borrelia group (Fig. 7) . Additionally, 38 other CSIs in proteins which are uniquely found in the Borrelia species also differentiated the above two groups of Borrelia species. The CSIs and CSPs reported in this work provide novel and highly specific molecular markers for identification and distinguishing between the Lyme disease Borrelia and the relapsing fever Borrelia species. The distinctness of these two groups of Borrelia species is also supported by different forms of phylogenetic analyses and the results of ANI analysis . Based on the clear distinction provided by the multiple molecular signatures that are specific for the Lyme diseases Borrelia spp. and the relapsing fever Borrelia spp., in conjunction with results from other phylogenetic analysis also supporting that these two groups are genetically distinct (Wang and Schwartz 2011; Adeolu and Gupta 2014) , the genus Borrelia is now divided into two separate genera (Fig. 7) . The new genus Borrelia contains only the monophyletic group of species harboring the causative agents of relapsing fever. In accordance with the rules of the Bacteriological Code (Lapage et al. 1992) , the genus name Borrelia is retained for this group as it contains the type species, Borrelia anserina, of the genus Borrelia. The other monophyletic group of Borrelia spp. involved in the causation of Lyme disease are now transferred to a new genus, Borreliella, bearing a name very similar to the original genus name (Fig. 7) . The separation of the original Borrelia spp. into these two genera that are clearly distinguished based on multiple uniquely shared genetic characteristics should lead to development of more reliable methods for the accurate diagnostic of bacterial infections causing Lyme disease or the relapsing fever, as well as a better understanding of the biochemical and pathological basis of these diseases.
TAKING THE STOCK: HAVE GENOME SEQUENCES BEEN HELPFUL IN CLARIFYING MICROBIAL PHYLOGENY AND SYSTEMATICS, AND DO THEY SUPPORT OR CHALLENGE THE DARWIN THEORY?
In light of the data and arguments presented here, we can now address a number of important questions regarding the evolutionary relationships among the prokaryotes. (i) Have genome sequences proven useful in advancing our understanding of microbial evolution and systematics? (ii) Based on genome sequences, are we able to clarify, or to gain a better understanding of, some of the important issues in microbial evolution and systematics that were identified at the beginning of this review (Section 'Introduction and background information')? (iii) Are inferences based on genome sequences support the Darwinian model of evolution for prokaryotes or challenge it?
The work reviewed here shows that genome sequence data can be effectively employed for understanding the evolutionary relationships and classification of organisms using the guidelines specified by Darwin for such studies, which emphasize the primacy of synapomorphic characteristics for establishing such relationships (Darwin 1859) . Based on genome sequences, it is now becoming possible to identify numerous synapomorphic characteristics in the forms of CSIs and CSPs, which are distinctive characteristics of different prokaryotic taxa of various ranks (ranging from phyla down to classes, orders, families and genera). Evidence reviewed here shows that the identified molecular markers (CSIs and CSPs) exhibit high degree of specificity, reliability and predictive ability for the indicated groups. A vast majority of the clades demarcated by these CSIs and CSPs correspond to different monophyletic clades which are consistently observed in the 16S rRNA and other genes/proteins trees. However, these approaches have also been instrumental in the reliable demarcation of novel class, order, family and genus level clades whose significance was unclear based solely on 16S rRNA gene trees. While most of the work on identification of the CSIs and CSPs has focused on the higher clades (genus level and above) of prokaryotes, this approach is equally applicable for demarcating species and subspecies level clades. Limited work has also identified some highly specific markers for the species level (Bacillus anthracis) (Ahmod, Gupta and Shah 2011) and subspecies level taxa (E. coli 0157/H7) (Wong et al. 2014) . Thus, based on genomic sequences, it is now possible, for the first time, to reliably demarcate prokaryotic taxa of different taxonomic ranks on the basis of multiple discrete and highly specific molecular characteristics, thus bridging an important limitation of the current classification scheme. Further, as indicated by Danchin (2002) in Delphic Boat, each gene or piece of genetic information is a link in the chain of a procedure that enables the specific traits of organisms to be established or expressed. The identification of these group-specific molecular markers, which are predicted to be functionally important for the indicated groups (Singh and Gupta 2009 ), provides valuable means (or links) for discovering novel biochemical or structural characteristics that are specific for different groups of prokaryotes.
An important aspect of the CSI (or CSP)-based approach to understanding phylogeny is that it generally identifies multiple, independent molecular markers that are specific for different successive clades within any given larger clade. The significance of this observation for determining evolutionary relationships is illustrated in Fig. 8 . The two main clades shown in this figure could represent two different phyla or other higher taxonomic clades. The members of the phyla A and B are each Figure 8 . A graphic depicting the use of correlated sets of molecular signatures such as the CSIs and CSPs (or other similar characteristics) for understanding the evolutionary relationships and classification of organisms. The characters such as a1, a2, b1, b2 denote sets of molecular markers that are specific for different clades of organisms. Based on the presence of multiple unique set of molecular markers, which are present in each of the resulting lineages, the evolutionary relationships of different taxa to their successive parents can be reliably determined. The character marked X1 is present in two different lineages (representing a horizontally acquired or convergent character), but in the scheme shown, it does not adversely affect the correct tracing of the evolutionary history. The unique sets of shared derived molecular markers, which are present in taxa of different ranks, also provide reliable means for the identification and classification of different organisms.
distinguished from all other groups based on multiple molecular markers, denoted by a 1 and b 1 (a 1 and b 1 or other such characters in this figure each could represent a combination of multiple CSIs and/or CSPs) which are uniquely shared by all members from these groups. Within these two main groups, a number of subordinate clades are observed, which in addition to retaining the molecular markers a 1 and b 1 that are characteristics of the parental clades, and are further distinguished by multiple unique sets of molecular markers (a 2, a 3, a 4, a 5 . . . and b 2, b 3, b 4, b 5 . . . etc.) that have been introduced at various evolutionary branch points. Thus, in the graphic shown all 16 resulting lineages (A4 (i-viii) and B4 (i-viii) bear multiple highly specific markers which can unambiguously trace their evolutionary histories through the successive parents (A3, A2, B3, B2) back to the original parents. The observed distribution pattern of these markers is exactly the same as predicted by Darwin's theory (i.e. 'the natural system is founded on descent with modification') and it cannot be accounted for by any other non-specific means. Further, the inferences based on this nested set of molecular markers are unaffected by non-specific events such as HGTs or convergent evolution of a similar characteristic in different lineages. This is illustrated by a marker denoted X 1 (marked in red), which is commonly present in the phylum A in the clade A2(i) and its descendants and in the phylum B in clade B3(iv) and its descendants. This marker is a useful evolutionary marker when the members of lineage A or lineage B are considered in isolation, but its shared presence in the two lineages provides no useful information for evolutionary or classification purposes, as the shared presence of this marker cannot be traced back to a common ancestor of the phyla A and B. Thus, the evolutionary inferences employing CSIs or CSPs that are specific characteristics of monophyletic clades are not significantly affected by the incidence of HGTs. As noted earlier, Darwin has also emphasized that the adaptive or analogical characters, which are present in unrelated lineages, are not useful for evolutionary/classification purposes.
The results such as those shown in Fig. 8 where successive evolutionary branch points of various taxonomic levels could be identified on the basis of multiple correlated sets of molecular markers are observed for all of the different phyla or other taxonomic clades that have been studied (in detail) using the CSI-CSP identification approach (Table 2) . Further, even if for certain evolutionary branch point (e.g. such as the node B2(i) in Fig. 8 ), no molecular signatures are identified, based on the distribution pattern of other signatures, it is possible to trace the origin of the lineages B4 (i-iv) to the B2(i) lineage. The significance of the existence of multiple characters supporting a given clade, and of the correlated set of molecular characters, for evolutionary/taxonomic studies has been duly emphasized by Darwin.
The importance, for classification, of trifling characters, mainly depends on their being correlated with several other characters of more or less importance. If certain characters are always found correlated with others, though no apparent bond of connection can be discovered between them, especial value is set on them. . . When several characters, let them be ever so trifling, occur together throughout a large group of beings having different habits, we may feel almost sure, on the theory of descent, that these characters have been inherited from a common ancestor. . . .The importance of an aggregate of characters, even when none are important, alone explains, I think, that saying of Linneaus, that the characters do not give the genus, but the genus gives the characters.
The above quote from Darwin specifies that the taxa of different ranks should ideally be identified 'or recognized' on the Figure 9 . Summary diagram indicating the relative branching order of some bacterial phyla based on the species distribution patterns of a number of main-line CSIs, such as those described for Hsp60 protein in Fig. 2 . The arrows mark the evolutionary branch points where the identified CSIs in some of the indicated proteins have likely occurred. These CSIs are generally present in all of the bacterial phyla (or groups) that lie down-stream of the insertion points, but lacking in the groups/phyla, which lay upstream and are indicated to have diverged earlier. Sequence information for most of these signatures has been presented in our earlier work (Gupta 1998a (Gupta , 2003 (Gupta , 2005 Griffiths and Gupta 2004b; Griffiths and Gupta 2007b; Singh and Gupta 2009). basis of a set of correlated characters, which a given group has inherited from its successive parents. Based on the distribution patterns of numerous identified CSIs and CSPs for various groups, it is now possible to reliably determine the branching order and evolutionary relationships within large numbers of prokaryotic phyla. The inferences from these analyses are also supported by phylogenomic studies and 16S rRNA gene trees, providing further evidence that a reliable understanding of the evolutionary relationships within the studied groups reflecting their natural relationships is now being achieved. However, the CSI-based approach is not limited to understanding the evolutionary relationships at the intraphylum level. As detailed in this review, several CSIs and CSPs have been identified, which are commonly shared by members of the PVC superphylum, or FCB superphylum (Gupta 2004; Gupta and Lorenzini 2007; Griffiths and Gupta 2007b; Lagkouvardos et al. 2014) providing reliable evidence for the unique shared ancestry of the members of these groups, and also information regarding the relative branching of these phyla. Additionally, we have previously described a number of other CSIs, referred to as the main-line indels, which constitute a set of correlated genetic markers that have occurred at a number of successive important branch points during the divergence of various prokaryotic phyla from a common ancestor (Gupta 1997 (Gupta , 1998a (Gupta , 2001 (Gupta , 2003 (Gupta , 2005 (Gupta , 2010a (Gupta , 2014b Griffiths and Gupta 2004b; . One example of a main-line CSI found in the Hsp60 protein was presented in Fig. 2 , where the identified 1 aa insert is a highly reli-able characteristic of large numbers of phyla of Gram-negative bacteria, but it is not found in other bacterial phyla such as Chloroflexi, Deinococcus-Thermus, Thermotogae, Fusobacteria, Synergistets, Tenricutes, Firmicutes, Elusimicrobia and Actinobacteria (Gupta 1998a (Gupta , 2000b (Gupta , 2001 (Gupta , 2005 (Gupta , 2014b Griffiths and Gupta 2004b; Singh and Gupta 2009) . Another large CSI (21-23 aa) in the DnaK/Hsp70 protein, in addition to the groups of species containing the Hsp60 insert, is also specifically shared by members of the phyla Chloroflexi and Deinococcus-Thermus (Fig. 2) , but this insert is not found in the other bacterial phyla lacking the Hsp60 insert (Gupta 1998a (Gupta , 2000b (Gupta , 2001 (Gupta , 2005 (Gupta , 2011 (Gupta , 2014b Griffiths and Gupta 2004b; Singh and Gupta 2009; . The absence of the Hsp70 indel in most Archaea, as well as a number of other characteristics of this CSI, provides evidence that this CSI represents an insert which occurred in a common ancestor of the above phyla of Gramnegative bacteria (with diderm cell envelope characteristic) after the divergence of other phyla (generally with a monoderm cell envelope) lacking this insert (Gupta and Singh 1992; Gupta and Golding 1993; Gupta 1998a; Lake et al. 2007; Valas and Bourne 2009) . In addition to these CSIs, other described main-line CSIs in a number of widely distributed proteins (namely RpoB, RpoC, Ftsz, AlaRS, GyraseB, Inorganic pyrophosphatase, SecA, CTP synthase) have occurred at other evolutionary important branch points during the course of bacterial evolution (Gupta 2000b (Gupta , 2001 (Gupta , 2005 (Gupta , 2014b Griffiths and Gupta 2004b; Singh and Gupta 2009; . The species distribution patterns of these correlated sets of CSIs provide valuable insights into the relative branching borders of the main bacterial phyla as depicted in Fig. 9 .
Several other CSIs described in earlier work provide valuable insights into the relationships among the main domains. The CSIs have been identified in different conserved and ubiqutioulsy distributed proteins, which are commonly shared by either all Bacteria and Eukarya or by all Archaea and Eukarya Golding 1993, 1996; Gupta et al. 1994; Golding and Gupta 1995; Gupta 1998a Gupta , 2005 . The species distribution patterns of these CSIs provided the first strong evidence pointing to a chimeric origin of the ancestral eukaryotic cell Golding 1993, 1996; Gupta et al. 1994; Golding and Gupta 1995; Gupta 1998a Gupta , 2005 . Additionally, CSIs have also been identified which support a closer relationship between the Gram-positive (or monoderm) phyla of Bacteria and the Archaea (Gupta and Golding 1993; Gupta 1997 Gupta , 1998a Gupta ,b, 2000a Gupta , 2005 Gupta , 2011 . Thus, by making use of the genome sequenced-derived characteristics such as the CSIs, the evolutionary relationships can be understood not only within the prokaryotic organisms at the phylum or interphyla levels, but also to a limited extent, amongst the different domains of life.
CONCLUSIONS AND OUTLOOK FOR FUTURE
This review presents evidence that, based on genome sequences, a more reliable and comprehensive understanding of the microbial phylogeny and systematics is emerging, which (except for isolated exceptions) not only strongly supports the current phylogenetic framework based on the 16S rRNA gene sequences, but also supplements it in important respects. Genome sequences have been instrumental in the identification of many highly specific molecular markers, such as CSIs and CSPs, which are enabling reliable demarcation of prokaryotic taxa of different ranks, which until now were solely identified based on their branching in the 16S rRNA trees. The discovered molecular signatures exhibit high degree of specificity and predictive ability for the indicated groups, and they are far more consistent and readily accessible (i.e. determining their presence of absence based on genome sequences) than currently employed morphological or chemotaxonomic characteristics. Further, the distribution pattern (i.e. presence or absence) of these molecular signatures in specific lineages also provides reliable means for deducing evolutionary relationships, which are not significantly affected by the incidences of HGTs. Thus, despite the HGTs playing an important role in genome evolution and species adaptation to specific environments, they do not disguise the true history of the prokaryotic taxa, revealing their evolutionary descent and genealogy. Thus, genome sequences, rather than challenging the Darwinian model of evolution, provide a strong vindication to the universal applicability of Darwin's 'Laws of Evolution' (James Watson has indicated that Darwin's work is more akin to Laws rather than a theory) (Watson 2005 ) and his clearly outlined approach for understanding of the evolutionary relationships, which has received little attention until now. It is remarkable that the rules and criteria laid down by Darwin for understanding the evolutionary relationships and classification, based on phenotypic traits, are as relevant in the genomic era as they were >150 years ago, when very little information concerning prokaryotic organisms, and no information about genes or genetic basis of heredity was known.
The detailed understanding of the relationships among prokaryotic taxa that is emerging based on genome sequences should serve as the framework for important future developments in microbiology. Due to the taxa specificities of the identified molecular signatures, CSIs and CSPs provide highly specific means for development of novel diagnostics using different standard technology (e.g. PCR-based, immunological, other molecular biological methods including in silico detection in genomic/metagenomic sequences). Another important area for future research is to understand the functional significances of the many CSIs and CSPs that are specific for different groups of prokaryotes. Most identified CSIs are found in widely distributed proteins and they are predicted to play important functions in the CSI-containing organisms. Structural studies on several studied CSIs reveal that they are generally present in the surface loops of proteins (away from the active sites) (Akiva, Itzhaki and Margalit 2008; Singh and Gupta 2009; Gupta and Mathews 2010) . Thus, based on their locations in the protein structures, it is likely that the CSIs, in general, may not affect the core functions of the proteins, but instead they play important role in mediating protein-protein or protein-ligand interactions, which are specific and essential for the particular CSI-containing organisms (Singh and Gupta 2009) . Hence, further studies on understanding the cellular functions of the CSIs should reveal novel aspect of many important proteins, which are specific for different groups of organisms. Lastly, due to the functional importance of the discovered CSIs for the CSI-containing organisms, these CSIs also provide new class of drug targets for development of novel therapeutics, which will be specifically directed against the CSI-containing organisms.
Unlike the CSIs, which are present in proteins of known functions, the cellular functions of most of the discovered CSPs are not known. The evolutionary conservation of the genes for these proteins in particular lineages strongly suggests that they perform important functions (Danchin 1999; Galperin and Koonin 2004; Roberts 2004; Gupta and Griffiths 2006) in the indicated groups of organisms. Accordingly, a number of CSPs, which are specific for the order Corynebacteriales, or Corynebacteriales and Pseudonocardiales, play key roles in the biosynthesis of arabinan, which is a unique component of the cell walls of these orders of Actinobacteria (Telenti et al. 1997; Gao, Parmanathan and Gupta 2006; Amin et al. 2008; Gao and Gupta 2012b) . The importance of understanding the cellular functions of the CSPs, which are specific for different groups of prokaryotic taxa, has been emphasized by various authors (Danchin 1999 (Danchin , 2002 Galperin and Koonin 2004; Roberts 2004; Fang, Rocha and Danchin 2005; Gupta and Griffiths 2006; Gao and Gupta 2012b; Chandra and Chater 2014) . The fact that these proteins are specific for a given group of organisms indicates that they are responsible for controlling or directing synthesis of specific characteristics (namely biochemical, structural or physiological), which are distinctive features of particular groups of organisms Lorenzini et al. 2010; Chandra and Chater 2014) . Thus, our lack of knowledge regarding the cellular functions of these proteins points to major gaps in current understanding of the important characteristics of different groups of prokaryotes. Nobel Laureate Richard J. Roberts has previously called for urgent community action to identify the functions of these unknown proteins (Roberts 2004) . Such studies should lead to a more comprehensive understanding of microbiology, with genome projects and the newly developed understanding of microbial systematics and taxonomy playing central roles in these developments.
